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1 Introduction

High dimensional problems arise naturally in the mathematical description of very diverse
phenomena, since the dimensionality may depend simply on the number of parameters
required to specify the solution of the problem. A common setting is a boundary value
problem given in terms of a partial differential equation. As we will see throughout this
work, looking for a low-rank tensor solution is the natural approach to attack such problems.

As a motivating example (found in [19]) consider the following two-dimensional Pois-
son equation with parametric boundary conditions:

—Au(z,0)=f=1, inQ=1]0,1]?

T = [331,952], Q= [a1,a2,0437044],

a1 € [0.5, 1] a9, Q3,04 € [0, 1],

aqu+ (1 —aq)ou/On =0 atxzy =0,
asu+ (1 —a)0u/Oon =0 atxy =0,
asu+ (1 —ag)ou/on =0 atz; =1,
asgu+ (1 —aq)0u/Oon =0 atxy=1.

This problem involves two physical dimensions [z, z2] plus four parametric dimensions
a;, i = 1,...,4 (six dimensions in total). The authors used a discretization of 28 = 256
points in each of the six dimensions, giving a total of 2*® discretization points (= 2.8 x 10'%).
After discretizing the problem with finite differences, the authors obtained a linear system
of equations Ax = b, which they expressed using a tensor train (ITT) representation. This
problem was then solved in &~ 3 x 10? seconds with the solution having a numerical error
of 1079, sequentially and with a standard MATLAB distribution. Another example described
in the same paper involves a 64-dimensional reaction diffusion equation, solved in 1845
seconds with an accuracy of 107°, for which a full matrix-vector representation would
require 10'%* data points. One final example considers a low-rank tensor variant of the
preconditioned conjugate gradient (PCG) algorithm to obtain the solution of about 10'8
linear systems of order 3644, with an accuracy of 1073, in only 61 minutes [17]. This prob-
lem would take, according to the authors, approximately 3 x 108 CPU years if solved using
full matrices and vectors.

This initially seems implausible, but we will see how to formulate and solve such prob-
lems using the tensor formalism described in Chapter 2. Clearly, the so called curse of
dimensionality has been overcome in these examples, and we provide a set of theoretical
tools that will aim clarify how this can be achieved. Given the good accuracy with which
such problems can be solved serially with a standard personal computer, there should nec-
essarily be a (very clever) way of storing such large vectors and matrices. This thesis will
focus on one such strategy, namely, the matrix product state (MPS) formalism.
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The application areas mentioned there cover a wide range of topics, from the solution
of high-dimensional Schrodinger equations and stochastic PDEs, to computational finance
and machine learning. [10] provides an updated and thorough survey of the existing liter-
ature on tensor representations, applications and algorithms. A detailed description of the
MPS formalism and the closely related density matrix renormalization group (DMRG) al-
gorithm (which we also present in this thesis) can be found in [29], and we refer to [12, 32]
for comprehensive discussions on the efficient numerical calculations in MPS format.

Despite the many advantages of using tensor representations of vectors and matrices,
several complications inherent to the tensor formalism require special techniques to en-
sure that the algorithms provide accurate numerical solutions. Such drawbacks may cause
the algorithms to become too expensive or even fail, and we will study some cases where
this happens. Nonetheless, the fact that some of the algorithms (such as DMRG for lin-
ear systems) can be used as black-box solvers makes tensor representations attractive and
powerful, especially for problems that otherwise would not be possible to deal with due
to memory or time restrictions in higher dimensions. This also means that no additional
information about the problem geometry is required, which offers an advantage over other
techniques where high-dimensional functions are involved, such as sparse grids [2].

The thesis is structured as follows: In Chapter 2 we present an overview of the MPS
formalism used throughout this thesis. Chapter 3 describes an adaptation of the DMRG
algorithm to the solution linear systems of equations in MPS format. Chapter 4 follows
a very similar idea to Chapter 3 but with the goal of finding an approximate inverse ma-
trix M of a given matrix A, both written in the tensor format we have chosen. Although
the problems discussed in Chapters 3 and 4 have been recently presented in other works
(with slight variations - see the respective chapters), our treatment is necessary for the un-
derstanding of the rest of the chapters, and it will allow the reader to understand how to
attack problems such as the example above. In Chapter 5 we discuss some new ideas con-
cerning relaxation schemes and preconditioning in MPS format. The last two chapters deal
with two well-known iterative schemes for solving linear systems numerically: a restarted
Lanczos algorithm, and a full multigrid (FMG) scheme. We then propose to translate these
two algorithms into MPS format to study their convergence properties and compare them
to the existing algorithms. At the end of each chapter, we present the numerical results ob-
tained for each of the algorithms. A MATLAB tensor toolbox was developed based on the
existing implementations by K. Waldherr and can be obtained under request, including
the algorithms described in this thesis.!

' All simulations were run on a MATLAB (R2012a) distribution installed on a 32-bit Linux system (under
Ubuntu 12.04), with a 2.00 GHz Intel Pentium Dual Core processor and 2.9 GiB of RAM.




2 Preliminary theory

We start by describing the mathematical tools needed throughout this work, especially
the notion of representing vectors as matrix product states (MPS) and its generalization to
operators as matrix product operators (MPO).

2.1 A brief overview of Matrix Product States

Consider the following vector x with 27 = 128 arbitrary complex entries (i.e., ¢ € C?")and
its expansion in the canonical base:

T
T = (wo r1r ... T126 .%'127)
= xp0€e0 + Tr1€1 + ...+ T126€126 + T127€127
127

= E Ti€q,
=0

where e; is the i-th column of the 128x 128 identity matrix. This is clearly a one-dimensional
vector. Now, we will take the index i = {0,...,127} and write it in a different base,

say, binary, such that i = (i1i2i3i4i596i7)2, Where each i = {0,1}. So, for example,
i = 3510 = 01000115. Using this notation, the vector above can be written as

1

7
= Q) eia:
d=1

where each of the e;, is a unit vector with two elements, eg = (1,0)7, e; = (0,1)T. In the
above expression we have introduced the Kronecker product denoted by the symbol ® (also
called tensor product). The Kronecker product of two matrices A ® B, with A € C"™*",
B < CP*1 is another matrix C € C™*"? obtained by multiplying each entry of A by the
matrix B. For example, if both A and B are 2 x 2 matrices, then

ap,0bo,0  aopbo,1  ao,1b0,0 @o,1bo,1

_ _ (aopB ap1B\ _ [aoppbio aoobi,1 ao1bio ao,1bi1
C-AwB- _ e

a10B a1 B a10bop aipbo1 aiiboo aiibo;

a10b10 aipbi ai1bio a11b11
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Before we continue our discussion, we briefly recall the definition of a tensor of order N

as a multidimensional array of size i1 x iz x - -- x iy for integers i1, 2, ..., iy, denoted by
X € Crmxxing (2.2)
The fact that the components of « are now characterized by the set of indices {i1,....,i7}

(instead of only one large index i) allows us to interpret x as a 7-dimensional tensor of sizes
2% ---x 2, ie,x € C%*7 Of course, this is nothing else than a reshaping operation
and thus not much has changed. What we're interested in are vectors whose components
%i,..i, can be written as follows:

v = i = T (X{VXFD XX XXX ) 2.3)

where X;" denotes a pair of matrices X ;d ={X (Slo) » X él) }, each with size Dy x Dg11. We
will soon see why we look for such a decomposition.

Alternatively, if it happens that the first pair of matrices X ill) are row vectors (matrices
of size 1 x Ds) and the last matrices X §") are column vectors (of size D7 x 1), the product
of the seven matrix gives a scalar and trace becomes redundant, so the expression above
reduces to

So, for instance, supposing that such a decomposition is possible, the component corre-
sponding to 7 = 35 would be obtained as

35 = 0100011 = X{O)Xél)Xéo)Xio)XéO)Xél)Xél). (2.5)

Put into words, one carries out a matrix product in order to access an element of the vector
x, which means that all the information of the vector entries must be somehow encoded
in the matrices X l(;d). This decomposition is somewhat analogous to that of the separa-
tion of variables of a multivariable function (e.g., f(z1,22) = G1(21)G2(z2). For a related
discussion, see [21]), and several questions arise, the two immediate ones being: under
which conditions is such a decomposition possible? and, why are we interested in such a
decomposition? The answers will become clear by the end of this chapter.

Let us summarize our results by defining a matrix product state (MPS) as any vector « €
C?" of the form

p—1 N
x = T (x (Vx5 XV XE7) Qe
i1,ein=0 n=1
p—1 N ) N
- Y ™ (H Xé’”) Rei,- (2.6)
21,2 N =0 d=1 n=1

The above definition is more general than our binary representation, since this definition
allows the indices i4 to go up to p > 2 (in our example, p = 2). Using the definition for the
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trace of a product of matrices, we can obtain an alternative expression for 2.6 as follows:

N — p—1 ‘
Pm 3 z(z >) IR
1

qg1=1 gn=1 \i1=0

iN=0

- E : T1;q1,92 @ T235q2,q5 @ @ TN-13;9n_1,a8 @ TN3qn,q1

q1y-qN
N
= § : ®wd;¢1daq¢i+17 (2.7)
q1,---,dN d=1
where each is a vector of size p, namel x(o) x(p —1) T For clarit
d;qd;qd+1 D, y diqa,9a+1° """V diqd,qda+1 ) Y

we will often omit the upper limits of the sums and group them together in one sum, as
done above. Eq. (2.7) tells us that we are decomposing our vector x as a sum of different
vectors, each of them built as tensor products of size p vectors. Also, we will call the largest
size D = maxy Dy the bond dimension. We will then say @ € MPSp to denote that our
vector x is written in MPS format with bond dimension D. Notice from Eq. (2.7) (second
line) that the index ¢; appears in the first and last vectors x4, due to the action of the
trace, and thus (2.6) is said to be an MPS with periodic boundary conditions (PBC-MPS). In
the study of quantum spin systems, this fact has a straightforward physical interpretation
[30]. Consequently, if D; = 1 (as in (2.4)), the MPS is said to have open boundary conditions
(OBC-MPS), and takes the form

p—1

= Z H X("'d) ®ezn

11,...,n=0d=1

E T1;q2 @ X2;g2,q3 ¥ " O EN-139n_1,an @ TNign> (2.8)

q2;--,9N

The definition above is also called tensor train format (TT-format), introduced in [22, 20].
The case where i, is binary is also referred to as quantized tensor train (QTT) decomposi-
tion.

2.1.1 Matrix Product Operators

Extending the concept of MPS to represent a matrix A € cr <" g straightforward. We
use the reshape A; ; — A;, iy j1..jx and through the same reasoning, we obtain

= () (indn) (S
_ z17.71 . ITNYJN . T
A= Y (W W) Q) el
21,...,tn=0 n=1
J15eJN=0
— (41,41) . (in,JN) el
- Z Z Wisg1,q0 €01 € J1 ® ® Z WN;gn,q1 €in Ciin
q1,--4N  \11,J1 IN,IN
E : Wiig1,q2 © " & WNign,q15 (2.9)
q1ye0dN
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where each wg;q,,q4,, 1 @ p X p matrix. For p = 2 they are given by

)

d;qd,qd+1 d;94,94+1

(0,0) (0,1)
_ [ Yagg9041  Ydigg.qa41 2.10
Wd;qa,94+1 = (1,0) (1,1) : (2.10)

Definition 2.9 is given in its PBC form (PBC-MPO), but the OBC representation is anal-
ogous to MPS (setting ¢; = 1 so that the trace disappears). As an example of a matrix
written in MPO format, consider the 1D Laplace operator of size 2%V x 2% with Dirichlet
boundary conditions

(2.11)

The QTT representation of this operator, its generalizations to more dimensions, and their
inverse, are presented in [14]. See also [15] for a more general treatment. To obtain this

representation, we define
10 0 1
I= (0 1) , J = <O 0> , (2.12)

x(N—2)

and for N > 2, it holds that

I J J ol —J — JT
AV Z 1 J J] ™ J X -J , (2.13)
JT _JT

where the symbol x denotes an inner core product. Its action on block matrices is defined
through

[Al A2:|N|:B1 Bz}:{A1®B1+A2®B3 A1 ® By + A2 ® By

2.14
Az Ay B3 By A3 ®@B1+ A4 ®Bs A3® B2+ Ay ® By|’ 214

which looks like a regular matrix product but replacing the multiplications with Kronecker
products. How is (2.13) related to our MPO representation (2.9)? Well, OBC-MPO may be
rewritten as

A=Z1 W Zy X ---XZN_1XILN. (2.15)

The way to relate the core matrices Zg4 with the MPO matrices Wéid’j @) is as follows:

a1,0,0 @1,0,1

7= < Ay ‘ Az > | a0 a1
Az | Ay az0,0 a30,1

a3;1,0 a3:1,1

0,0 ai; as: 0,1 ai. ao.
Wé ) ): 1;0,0 2;0,0 ’ Wé ,1) _ 1;0,1 20,1 7 (2‘17)
a3;0,0 @4;0,0 a3;0,1 4;0,1

1,0 ai; ao. 1,1 aq; as.
W,§ 0) _ (A41;10 02:1,0 : Wu(l 1) _ (4111 G211 ‘ (2.18)
as:1,0 G4;1,0 as:1,1  a4:1,1

az:1,0 0a2:0,1

a2:1,0 @2;1,1 (2.16)
a4;0,0 04;0,1
a4:1,0 0a4;1,1
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As an example, take the 1D Laplacian (2.13) with NV = 2 (size 4 x 4). The resulting MPO
has the form
(A(Q))ij — (A(Q))Z.”.Q - Wl(il,jl)W2(iz,jz)7

with
2 -1
w9 = (-1 00 wWo=0 -1 0 w=[o] W=
0 0
-1 2
w2 =0 0 -1) wiV=(-100 wM=[0o] w=[o
-1 0

For a thorough discussion of MPO representations, see [27].

Now we can start answering some questions. The first important point has to do with
the amount of memory required to store an MPS or MPO. From Eq. (2.6), we observe that
an MPS requires the storage p/N matrices, each of size Dy x D441, so the total storage is
< pND?. The amount of memory saved compared to the full vector of size oN depends
of course on the bond dimension D. Therefore, one is interested in vectors and matrices
that can be either expressed exactly or approximated well with small bond dimension D,
usually of the order 10! to 10%. The following theorem, presented in [26] and shown in
[31], states the existence of an OBC-MPS representation for an arbitrary vector:

Theorem 2.1 (Completeness and Canonical Form) Any state x < C*" has an OBC-MPS
representation of the form Eq. (2.8) with bond dimension D < pN/2] and

1%, X§O X" Z 1, forall1 <d <N,

2. %, X§OHA, X4 = Ag forall1 <d < N,

3. Ao = AN =1land each Agis a Dgyq x Dgyy diagonal matrix which is positive, full rank
and with Tr Ag = 1.

If conditions 1-3 hold, the OBC-MPS is said to be in the canonical form, since the MPS
decomposition is not unique. Of course, in the worst case D = plV/2! the storage required
is pV and there is no reduction in the storage (we fall back to the full vector case).

So now we can go back to our vector = with 27 entries, taking its OBC-MPS representa-
tion (2.4). According to Theorem 2.1, this vector has an OBC-MPS representation, and the

question is how large the matrices X ((jd) have to be. Suppose the five inner matrix pairs

Xéh), e Xéis) are of equal size 3 x 3 (5 pairs — 10 matrices, each with 9 entries — 90
entries), XYI) is a pair of 1 x 3 matrices (6 entries), and X§Z7) is a pair of 3 x 1 entries
(6 entries). One would need to store a total of 102 entries, already less than the 128 of

the full vector. Assume such representation approximates our vector x exactlyl. Now, we

IThis may or may not be true, depending on the particular structure of . For example, a constant vector
requires only 1 x 1 matrices. Further symmetries allow further reduction of degrees of freedom, see [13]
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may ask one further questions: is it possible to further compress the MPS by finding an
approximation y with components given by

Yi = Yiy.in = Yl(il)}/z(iZ)Y3(i3)Y4(i4)Y5(i5)Y6(i6)Y7(i7), (2.19)
where the matrices Yd(id) are of size D} x D; and bounded by D', i.e., D}, < D', and

k17
D’ < D?. In other words, we are looking for matrices Yd(zd) of sizes smaller or equal to

those of X ((iid) to approximate x with precision ¢, a problem that can be written as finding
y such that
lz —yllr < el (2.20)

This operation is usually referred to as compression, rounding or truncation. One possi-
ble algorithm to solve such problem is described in [20], with a resulting complexity of
O(pN D?). That is, it scales linearly with the number of matrices N and the index dimen-
sion p (in our example, p = 2), and cubically with the maximum size of such matrices (the
bond dimension D). Such complexity results are, as we will see throughout this work,
the main advantage of these tensor decompositions: the resulting algorithms usually scale
polynomially with the size of the component matrices X C(lzd) and not with the size of the
full vector (which is exponential in N, since we are interested in vectors of size 2" with
large N). This allows IV to grow as long as the bond dimension D remains moderate, thus
overcoming the curse of dimensionality. Such algorithms exploit the MPS and MPO struc-
ture by iterating through the component matrices (we will see in Chapters 3 and 4 how
this occurs), thus translating one large problem of size 2V to IV small problems whose size
depend on D.

2.1.2 Algebraic operations

We briefly define two basic operations in MPS/MPO format: addition of two MPS vectors,
and the product MPO times MPS. As one would hope, adding two vectors « and y written
in MPS format results in another MPS vector z, with the particularity that the matrices of
z are of larger size. Indeed, we have

N N
T+yY= Z Tr (H A,(fd)> €ir,in T Z Tr (H Bc(lid)> €irpiin

Bl ey N d=1 114N d=1
[ (1 (2a)
i
[1 44"
= Z Tr d=1 N €i1yennyin
$1 eyt N H B((ild)
L d=1
[N (a)
A
= Z Ty H( d B(,Ld))] €i1yennyin
Tl N Ld=1 d
N .
- 5 ([ e
$1 ey N d=1
= 2, (2.21)
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which shows that the matrices C ((iid) that make up the MPS vector z have a size equal to

the sum of the sizes of A4!"¢) and Béid). In the OBC case, the first and last sites have to be
kept as vectors, so we set

ciV = (A BM), ™ - (BJ(XN)) :
N

The second important operation is the product of an MPO A with an MPS x, which results
in another MPS whose components are given by

(AZ)iy,. iy = Ai‘1,~-~,i.N Lj1,endN
J1

_____ in  JLenN

= > m (W w v T (X x ()

JisenJN
Ty Z Wl(z'l,jl) ® X{jl) o Z W](ViN,jN) ® X](\.;N)
7 IN
= Tr (BYI) . BZ(\’}N’) . (2.22)

Therefore, if the matrices W:d’j 4) and X (gj ) have sizes Dy x Dgyy and Lg x Lgy; respec-

tively, the resulting matrices B((;d) will have size DyLg X Dgy1Lg11-

In both operations, the sizes of the MPS matrices grow, which is why it is important
in many cases to truncate the resulting MPS to a smaller bond dimension by means of
Eq. (2.20). Following this reasoning, we propose in Chapter 3 to set y = Az in (2.20), so
that the minimization problem translates to solving a linear system of equations Az = x.
Chapter 4 extends this same principle to find an approximate inverse MPO M of a given
MPO A by minimizing ||AM — I| .







3 Solving linear systems in MPS format: an
Alternating Least Squares procedure

3.1 Statement of the Problem

Representing vectors as MPS and matrices as MPO allows us to reduce the complexity
of iterative algorithms for exponentially large systems, and we will now focus on a prob-
lem that is at the core of numerical linear algebra, namely, finding a solution to the linear
system of equations given by

Az =b. (3.1)

In what follows, we will use a binary decomposition of the indices for both MPS and MPO
(p = 2 in their definitions (2.6),(2.9)). There are two approaches to this problem in the
context of MPS and MPO:

1. The system matrix A € C2"*2" and the right hand side b € C2" are given in MPO
and MPS format respectively, and we wish to find an approximate solution x also
in MPS format with a certain bond dimension L. Assuming that the system has a
unique solution,! the question is whether such solution « can be approximated well
by an MPS with a moderate bond dimension L. Therefore, we try to find « such that

min || Az — b||3. (3.2)

zEMPS;,

2. The matrix A and the right hand b are not given in MPO/MPS format and therefore
have to be converted to MPO and MPS format, which could result in only approx-
imate representations depending on their bond dimensions. Then,  would be a
solution of the approximated system.

We will focus on the first case, that is, A is a given MPO and b a given MPS, and we wish
to find € MPS;, that minimizes Eq. (3.2). Alternatively, one may specify the accuracy ¢
with which the solution is to be calculated without restricting the bond dimension L. This
can be achieved, as we will see, with the DMRG algorithm.

The most important question in the context of such a tensor representation is: what is
the bond dimension of the MPS solution x? We know from Theorem 2.1 that any vector can
be represented in MPS format as long as the matrices that compose it are chosen large
enough. Ideally, we want such matrices to be small. Can this be achievable? How well can
the solution be approximated if we prescribe a maximum bond dimension? We will come
back to these questions during the discussion of the results.

Here, it is meant that the system of equations admits a unique solution, but the MPS representation of such
solution (or of any vector) is not unique.

11
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Using a tensor decomposition of vectors to solve linear systems is an idea used already
in 2003 [9] for a certain class of matrices A. Very recently, [19] provided a detailed de-
scription of the solution of (3.1) in TT format (OBC-MPS) using the DMRG algorithm as
described in this chapter, thus outperforming our treatment. Nevertheless, we present our
implementation (additionally including the PBC-MPS case) by providing a detailed de-
scription of the resulting algorithm and the steps to obtain it, also hoping to shed some
light on the tensor contraction schemes involved.

3.2 Theory
Suppose we are given the linear system Az = b in MPO/MPS form, namely,
. . . . N
A— Z Tr (Wl(u,.?l) e WJ(\?NJN)) ® eine}'n, (3.3)
i1yt n=1
i
. . N
b= Z Tr(Ml(“)...M](\;N))®ein. (3.4)
1150000 N n=1

Recall that each element Wéid’j @) appearing in the definition of A is a set of four matrices
(for ig = 0,1, jo = 0,1), each of size Dy x Dg1. The M G(lld) matrices appearing in the
definition of b are pairs of matrices of size Qg X Qq+1. Now, we look for an MPS vector x
of the form

N
z= > T (x{V x{M) Qe

11,..0N n=1
= § T1;q1,q92 @ O TN3qn,q19 (3.5
Q150N

where each site d has pairs of matrices X gd), each of size Ly x Lg11, with bond dimension
L= max L4, and we look for the MPS vector « such that

min ||Az — b||3. 3.6
min [l Az - b3 36
Thus, we try to solve the linear system in a least squares sense, and we will describe an
algorithm to find such a solution iteratively.
The product of A times x is given by

iy JLeIN
=Tr (B%il) . B](\?N)) 7 67

with B4 matrices given by
Béid) — ZWéidajd) ® X((ijd). o)

Jd

12



3.2 Theory

We expand the norm as

|Az —b|2 = (Az)Y(Az) — (Az)!b — b(Az) + b'lb,
= Y (B BV 1 (BE - BEY)

_ () . glin) (i) pGn)

i1,.z.,inTr (B B (M) - M)

= > (M) (B - BYY)

CS T (R ) T (M) (a9
$1yeemsin

The first term is given by

(Az)"(Az) = Y (Zb&‘iﬁ,m 5) (mem SV”N) (3.10)

T1yeees TN i
150y SN
where
7(ia) _ _(iq,}) _()
bdi;l'd:rd«fl - wd;mdd’md+1 xd;;id:nd+1 ) (3.11)
Ja
’d) (1d>Ja) (]d
dsd,sd_H o Z dipa,pat1 L diqa,qas1’ (3.12)
where the indices are related by
Tq 1= Ld(md — 1) + Ny, (313)
4= La(pa — 1) + qa- (3.14)

The second term in (3.9) gives

T1y--sTN il ’LN
S1yeeySN

s 5 (Siintin) (D) e

Alternatively, we can interpret B as a tensor with five indices instead of just three, by
explicitly leaving the p and ¢ indices:

(ia) _ ld) _ E : (d,a)
bd%Sd:SdH — 7dipd,pat1 Waipy Pd+1 d Qd Gd+1 (3.16)
qd,9d+1
7(iq) _ 7(ia) _ _(ia,9%) _(3)
bd?rdﬂ"dﬂ - bd;md,de - Waimg,mas1Pding,na (3.17)

ng,"Nd+1 jtli

13



3 Solving linear systems in MPS format: an Alternating Least Squares procedure

and write

H _ i1) plin)
(A:B) (A:L') - Z Z bl ym1,ma 171017;02 Z bN MmN ,m1 N],\;le

mi,...,,MN ni,n2 q1,92 nn,n1 qN,»q1
ni,...,nN
pl"“?pN
q1;---,4N
= E Clima,me " CNymy,may
n1,mn2 ny,n1
Mpd oy py PN D1
q1,92 4dnN,q1
N
= E | | Clymyg,mpy - (318)
Nny,n
mmpatl
qe,9¢+1

The Cjy tensors introduced above are defined componentwise as

_(id) (ld)
o =20 b 1
d7r’%§7:’7”bdd_'-_i—ll dimg,mdq+1 d;Ppd,Pd+1’ (3 9)
’ ; ng,M
Pd>Pd+1 td d>Td+1 qd-9d+1

qd,q9d+1

(index N + 1 always corresponds to index 1) and

Hy _ 7(in) (in)
(Am) b= Z Z bl m1,ma 1 81782 Z bN smy,miTUN3s 1
mi,...,mN ni,n2 nn,n1
N1, N
S1508 N
= E C1; smi,me " CNympy,ma
ni,ne nN,n1
m,n,s 51,52 SN .81
N
= E | I Clmp,mpyrs (320)
U TS
m,n,s f=1 Sézslil

with Cy tensors defined componentwise as

_ § ' mlid)
Cd; MdsMd+1 - dmdymd-kl Misg,san (3.21)
nd,Nd+1 Nd,Nd+1
Sd»Sd+1

This way, the contraction schemes and index relationships become more clear, taking care
to handle the indices correctly.

Finding the solution x of (3.6) means finding the components of the matrices X gd) that

minimize | Az — b||3, so we calculate the derivative of (Az)"(Az) — (Azx) b with respect
—(Ja)

to the matrix elements = d
Nd,Nd+1°

9
5700

ding,naq1

((Az)"(Az) — (Az)"b) = 0. (3.22)

14



3.2 Theory

(The other two terms in (3.9) don’t contribute to the derivative since they do not involve

the matrices X gd) .) The first term gives

0 ((Az)"(Ax)) Sl e NT gled) i) G
G 1,7;11172122 d—l;fziz;},nmdd dsmg,may1 dipa,Pa+1” d;qd,9d+1
; . —
ding,na+1 mT’%gq P1,p2 Pd—1,pd  ‘dJd
Ngtaysny 192 dd—1,49d
Cd+1;md+1,md+2 e CN;mN,ml
Td+15Md+2 TN,
Pd+1,Pd+2 PN,P1
qd+1-9d+2 4N ,q1
(35:34) (Ja) 2
- Z ding,nar1diqa,qa+1°’ (3.23)
qd>9d+1 9d>qd+1
and the tensor P; is defined as
(Ghda) (%Jd) (id,da) (3.24)
ding,ng+1 " E"%?%“f dsmg,mai1 - dipd,pa+1” :
9d,9d+1 tamp 24 et
i 1
s qe,qe+1
‘Z17---7Qd 1
4d+25---,4N

(index N + 1 always corresponding to index

1). The second term in the derivative gives

0 ((AJU b &1 e Ey _(id,34) m(ld)
E : m1,m2 —1iMmd—1,Mmq d; d;
(]d nims ne lna 4 M Med 41 8d>Sd+1
dinamatt py T, o s1s2 Sd—1,5¢ 'd
Nd+25-- 1N
Cd+1;mgy1,mar2 """ CNimy,my
Nd4+1,Md+2 nn,n1
5d+175d+2 SN,S1
_ H é (ldvjd) (’Ld)
- § : £m£7m£+1 dimg,may1’ d;Sq,8d+1
ig,m,s Ze,?£+1
ORI =7 BT
NG t2,NN
_ )
“Hding,na41’ (325)
Thus, the derivative (3.22) can be written as
(Jde) (]d) — ~(j/d) (3 26)
Z Z dnd,nd+1 de7Qd+1 ding,ng41’ :
qd,9d+1

qd>9d+1 Jd

which has to be solved for all ng, n4+1 and jg. This can be rewritten in matrix form as

(0,0) (0,1)
dy(ng,nqy1),(9d,9d+1)

)

d;(nq,nq+1),(9d,9d+1)

)

d;(na,nay1),(qd,qd+1)

d;(nq,nq+1),(qd,9d+1)

35(0) ~(0)
‘(iigd»%l-&-l _ d?gbdvnd-H (3.27)
Ldq4,q4.41 ding,ngi1

The alternating least squares (ALS) procedure to solve for all matrices X is as follows.

At agivensited = 1,...,

N — 1 (the algorithm is started at d = 1) we solve Eq. (3.27)

15



3 Solving linear systems in MPS format: an Alternating Least Squares procedure

to obtain the two matrices X éo)’ X él) and normalize this solution by taking its singular
value decomposition (SVD), namely

(0) (0)
X U
(Xg”) - (U?) et o

where we have ordered the two matrices X ((iid) rowwise into one rectangular matrix. The
Ug‘i) matrices are unitary and satisfy the gauge condition

S ulPfulY = 1. (3.29)
id

Recall that ¥4 is diagonal with nonnegative real entries (called singular values) and Vg is
also unitary. Now, we substitute our two solution matrices X gd) by the unitary matrices
Ug“) and move the remaining factor 34 - V4 to the right neighbor, that is,

T (X:Eil) .Xéiz) o X((iid) 'Xéii—fl) B ‘X](\ifliil) 'X](\irN)) N (3.30)
AX;:'_T'I)

Once the matrices at site d are substituted and those at site d + 1 updated, we repeat the
procedure at site d + 1 until reaching site N — 1. At this point, all sites except d = N will
be normalized, and a right-to-left sweep can be performed analogously, this time taking

(Xfi") X((il)>:(Ud'2d)'(Vd(0) Vd‘l)), (3.32)

that is, substituting the matrices X ((;d) with the unitary matrices Vd(zd) and finally moving
the remaining factor Ug - X4 to the left neighbor, for d = N,...,2. One iteration of the
ALS procedure consists in sweeping once from left to right, and once from right to left, at
which point, all sites except d = 1 are normalized.

In the periodic boundary case, we carry out the same procedure but reaching site N
during the left-to-right sweep, at which point we shift the SVD factor to the right neighbor
site 1, and analogously for the right-to-left sweep.

3.3 Numerical considerations

In order to perform the numerical computations efficiently, it is convenient to define the
following left (Fg) and right (G 4) factors of the Py tensor defined above, as

16



3.3 Numerical considerations

Jasmimg = E : H Climg,mesy

ni,ng M2y M1 f—1 Mg, Mp41
Z?gd ngw, ng_1 Zz,gm
4d D2se-sPd—1 64e+1
q2;---;9d—1
gd§m1,md+1 = E : | | fme,me+1
ni,ng+1 mgy .,m Tg,Me41
+25-- N (=d+1
giﬁgd-u nd+2,~~- Zéﬁgé-ﬂ
ydd+1 pd+2’.“’pN 0 de+1
qd+2;---54N

so that the P, tensor appearing in Eq.(3.23) can be expressed as

Ugoda) Z f —(Zd:Jd) w(zd,Jd)
Paingmngiq d; TL?ZM Wasmg,masr Wdipg,pasr 9% TLl’?LZTII :
qd-9d+1 ’
Hat ma iy .qn PLPd D1,Pd+1
b 9. b
g, M1 q1,9d q1,4d+1
Pd;Pd+1

(3.33)

(3.34)

(3.35)

This rewriting is useful to avoid performing unnecessary contractions when moving from
site d to site d + 1 (or d — 1 if sweeping from right to left). If we are minimizing site d,
it means that the left factor (all tensors from 1 to d — 1) has been calculated, and moving
to the next site requires us to update the left factor Fy only with the newly calculated X4

matrices (hidden inside de Cyg tensors) at site d, namely:

fd+1;m17md+1 = E :fd;m17md Cdimg,mgqq -

NN+l gy LT nd,Md41
P1,Pd+1 Pddd P1,Pd DdsPd+1
q1,9d+1 41,44 qd,q9d+1
—_——
Newly calculated

For the right factor G4, we can use the following recurrence relation:

9d—1;m1,mg = E : Cd;mg,mqq1 9dsm,maqq
ni,nqg m n ng,"Nd+1 ni,ng+1
prpa  pytlgdtl papati  p1pas
41,94 dd,9d+1 q1,9d+1

For the P tensor appearing in Eq. (3.25), we define analogously

d—1
Jdsmymy = Z H Clmypmpysr s

n1,1d m2,...,Mq_1 f— ;M4
51,84 nzi---:w—1 =1 S0y80+4+1
525--,8d—1
N
9dymi,mayy ‘= E , | | Clmg,meqrs
n1,Md+1 m oy MUN f— Mg, Me+1
$1,8d+1 nzg::m\r {=d+1 S0,50+1
Sd+25--)SN
and express Py as
) Vi) (ia)
pdn n = fdmlmd dymg,m, mds s gdmlmd :
+1
d>Md+1 R dyMd+1 dsSd+1 n1maat
51,8 51,8
ml,n1,$1 od st
mq,Md+1
SdsSd+1

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)
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3 Solving linear systems in MPS format: an Alternating Least Squares procedure

Algorithm 1: Approximate MPS solution of Ax = b.
input : A = A[W,,...,Wn] € MPOp, MPO system matrix.
b=0b[Mji,..., Mn] € MPSy;, right hand side MPS.
output: x = x[X1,..., X | € MPS, approximate solution of Ax = b.

1 generate initial guess for x € MPSy;

2 pre-compute all right tensors G4, Gy ford = 1,...,N—1,withGn = Gy =1
using Egs. (3.34) and (3.39) ;

3 initialize Fy = Fy = 1;

4 while not converged do

5 ford=1to N —1do [l left-to-right sweep
6 calculate P; and P, using Egs. (3.35) and (3.40);
7 solve for X4, the solution matrices at site d, Eq. (3.26);
8 compute the SVD of Xg'd) =U éid)EdVd;
9 substitute X ') « Uéid) and Xé:‘zfl) — XqVaX gﬁl) ;
10 calculate Fg4; and Fd+1 using Egs. (3.36) and (3.41);
11 end
12 ford = N to2do /1 right-to-left sweep
13 calculate P; and P, using Egs. (3.35) and (3.40);
14 solve for X4, the solution matrices at site d, Eq. (3.26);
15 compute the SVD of X g") = UdZdVd(id);
16 substitute X((iid) «— Vd(id) and X((li_dil) «— X((iiffl)VdEd;
17 calculate Gg_1 and Gg_1 using Egs. (3.37) and (3.42);
18 end
19 end

The recurrence relations for Fj; and G4 are given by

fd+1;m1,md+1 - E fd;ml,mdcd;md,md+1, (3.41)
n1,Md 41 ni,ng ng,Ngt1
81,8441 Md,Nd,Sd 51,5 SdsSdt1

gd—1;m1,mg = E Cdymg,mar1 9dyma,mays - (3.42)
ni,ng m n Nd,Nd+1 ni1,Nd+1
$1,54 dgis_ldﬂ SdsSd+1 $1,8d+1

Algorithm 1 summarizes the steps required to solve our linear system (3.1) in MPO/MPS
format.

3.3.1 Computational complexity

Let’s look at Algorithm 1 from the point of view of its computational complexity. First, we
suppose that both the MPO A and the right hand side MPS b are given. Recall that A is
composed of N matrices Wy, d =1,..., N, each of size Dy x D441, with bond dimension
D. The bond dimension of x is L and for b it is . An efficient contraction scheme for MPS

18



3.4 Two-site optimization: DMRG

contractions (which applies equally for MPO) is presented in [12], and it is this scheme
that we shall use.

We start our discussion for the PBC case. Updating the left factors Fz 41 and 13‘,14_1 takes
O(4L°D*) and O(L?D?Q?) operations, respectively. The next step is to find the solution of
the linear system Py X g = P,;. The system matrix derived from the tensor Py in Eq. (3.27)
has size 2L4L 411 X 2L4L4+1. The complexity of solving this linear system depends on the
method of choice. In [19] it is advised to use a direct solver if the local system matrix is of
moderate size (for instance, the MATLAB backslash operator if the size is ~ 103). Such an
approach has a complexity that is cubic in the matrix size. In our case, the size is O(2L?),
so the resulting complexity of solving the linear system would be O(8L). A whole sweep
would then cost O(8N LY). If the bond dimension L becomes too large, an iterative solver
is preferable.? Taking the SVD of the solution matrices X4 requires O(2L3) operations, as
well as multiplying 34Vy times the right neighbor X441. Thus, the cost of one left-to-
right ALS sweep costs approximately O(4N L?D* + 8 N L). Since the right-to-left sweep is
equally expensive, this is also the total complexity of the algorithm.

The OBC case is less expensive, since the first and last indices are dummy. Updating the
left tensors Fgy1 and F,z1 now takes O(4L3D?) and O(4L>DQ), thus giving a complexity
of approximately O (4N L?D?) in one ALS sweep.? The solution of the linear system has the
same cost as in the PBC case, since the local matrices have the same size O(2L?). Therefore,
it still costs O(8N L®) to solve the N linear systems in one sweep using a direct solver. The
total complexity is thus O(4NL*D? + 8 NL%). Our implementation in this case seems to
require more computational effort during the update of the left and right tensors, which
indicates that the contractions might not be carried out in an optimal way.

3.4 Two-site optimization: DMRG

The main problem with our approach so far is that the dimensions of the solution matrices

X éj *) are not know a priori. Here, we analyze how to overcome such problem. The idea,

introduced in the context of quantum renormalization groups [29, 33], consists of optimiz-

ing two adjacent MPS sites simultaneously, i.e., X C(lj ) x L(tg_.i‘_if), instead of only one. The
linear systems to be solved are now larger, but once the two sites are optimized, we can

perform the SVD of

0 0 0 0 1 0
<X%1;> (xS X§1)1> = (X%I;X%£l X‘Eilzx‘%{%l) = (U‘%ID Ve, (343
Xd * * Xd Xd+1 Xd Xd+1 Ud

and set U éjd) as the new Xc(tjd) matrices, and the factor ¥4V substitutes the Ugﬁf 1)
matrices (it is not shifted and multiplied to the right, as before). This is to be performed
during a left-to-right sweep for d = 1,..., N — 2. For the right-to-left sweep, we go from

sites N — 1 down to 1, but replacing the current site by the Vd(id) matrices and the site to

%In our simulations, we kept the direct solver and worked with moderate bond dimensions, L < 30.
3The authors in [19] report a complexity that is only linear in D instead of quadratic, but we were unable to
obtain such result.
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3 Solving linear systems in MPS format: an Alternating Least Squares procedure

its left by the factor UgX4. *

How is this related to the knowledge of the dimensions of the solution matrices? The
important observation is that the U4 matrices in Eq. (3.43) are larger than the X4 matrices,
since they have size L; x 2L412 (the number of columns increases). They must therefore
be truncated according to a given criterion, such that only the leading singular values of
the matrix X are used and then truncate the columns of Ug accordingly. This results in
the matrices X4 changing size depending on the number of singular values taken, and
from this point of view the algorithm is adaptive. Several alternatives for the truncation

are possible. If we denote X gd) the solution matrices at site d after the SVD truncation,
[29] proposes to take || X ((;d) - X’C(l“) || < e with a fixed . It was recently proposed [19]

to compare instead the residual of the local linear system after truncation, but the first
alternative seems to show better convergence properties in our experiments.

3.5 Results

Algorithm 1 was implemented on a standard MATLAB distribution, as well as its DMRG
variant. We start off with an example often found in literature, a D-dimensional Poisson
equation on a unit D-cube

—Apu(z) = f(z), zeQ=1[01"
x::[xlw..,xDL
u(x) =0 in 90QN. (3.44)

The finite difference discretization of the 1D Laplacian using 2 discretization points Eq. A
can be used to construct a D-dimensional Laplacian as follows [14]:

D —
AP =3 (@ INk> ® ap A ( 034 INk> , (3.45)
k =

=1 i=k+1

withap = 1/h = (2N +1)? and In, = 1 ONk (1 being the 2 x 2 identity matrix). Although
Eq. (3.45) allows for a different number of discretization points in each dimension (2 on
the k-th dimension), we will use the same number of points per dimension (N; = --- =
Np = N). For small problem sizes, we compared the solutions with MATLAB’s direct
solver to confirm their correctness. As proposed in [6], we use

|4z — b|
—— <
b
as convergence criterion for the j-th iteration. The MATLAB implementation of the D-

dimensional Laplacian was adapted from the TT-Toolbox available at http://github.com/
oseledets/TT-Toolbox to fit our data structures.

*In fact, the substitution by UqX4 needs to be carried out only on the very last step of the iteration sweep
(optimizing sites 1 and 2), since moving from sites (j, j + 1) to (j — 1, j) will overwrite the result in site j.
In the left-to-right sweep, such substitution is never necessary.
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3.5 Results

3.5.1 ALS: a 1D Poisson example with known bond dimension

Fig. 3.5.1 exemplifies the main problem encountered by ALS, using a simple 1D Laplacian
with N = 10. We can build an example for which we know the bond dimension a priori, by
creating an arbitrary vector x (in our example, with random entries) of bond dimension 5,
and then setting b <~ Ax. The convergence of the ALS algorithm is then heavily dependent
on the bond dimension of the initial guess, which can be clearly seen in the figure. As we
will see in the next example, the DMRG algorithm overcomes this problem (to a good
degree).

100 — T T T T T

—L=1
—L =2
10727 ,+L:3
= \\‘ L=
g ' e L =5
g 10_47 Py B
2 e
© '5\'
T 06 |
~ 10 o,
Q
...
° " 2o oo
10-8 Mgl e
®
| | | | | |

0 10 20 30 40 50
Iteration number

Figure 3.1: ALS convergence for Eq. (3.44) with D = 1 and N = 10, using a (randomly
generated) solution of known bond dimension L = 5. If the bond dimension of
the initial guess is underestimated (here, from L = 1 to L = 4), the algorithm
quickly finds the optimal solution in that subspace (in the least squares sense)
but then stalls.

3.5.2 DMRG for higher dimensions

Now we will fix the right hand side f(z) = 1, so that we don’t know the bond dimension of
the solution x a priori. The set of simulations ran are given in Table 3.1, where we increase
the dimension of the Laplacian D and the number of discretization points per dimension
2N, We consider the solution to have converged when the relative residual is smaller than
e = 107, Instead of calculating the residual || Az — b|| directly, we approximate it> using
the following convergence criterion [19] (which is also cheaper to calculate): we choose a
random, normalized MPS vector z with bond dimension 1 and calculate the inner products
(AzY), z) and (b, z), and then take the difference of both. Table 3.2 shows the number of
DMRG iterations required for convergence, the total time, the final relative residual, and
the bond dimension of the resulting solution.

>The result is slightly smaller than the actual residual due to the triangle inequality.
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3 Solving linear systems in MPS format: an Alternating Least Squares procedure

We observe that the algorithm performs better as the dimension of the Laplacian grows
as compared to increasing the number of discretization points per dimension (even in 1D,
choosing large IV shows stability problems, caused possibly by the large condition num-
ber of the Laplacian). From the algorithmic point of view, the main problem seems to be
choosing the tolerance ¢ for the SVD truncation. Choosing ¢ too large may lead to a non-
convergent solution, while choosing it too small causes the ranks to grow rapidly and even
be overestimated. The alternative proposed in [20] (tracking the local residual for trunca-
tion) poses a similar problem (they introduce a parameter that depends from problem to
problem). Notice that the largest problem solved (set 15) involves a 10-dimensional Lapla-
cian with 2% discretization points per dimension. That is, the full length solution vector
would have 2% entries.

Table 3.1: Problem parameters

SetNo. |12 |3 |4|5|6|7 |8]9|10 11|12 13|14 |15
D |11 |1}2]2|3|3|(4(4|5|5|6]|7)|8]10

N 511012 |5|10|5|10|5|8| 5| 8| 8| 8| 8| 8
Table 3.2: Results
Set No. 1 2 3 4 5
n iter. 2 2 7 3 6
t(s) 8.31e-02 | 2.20e-01 | 9.58e-01 | 5.72e-01 | 5.74e+01
res 1.67e-12 | 3.21e-06 | 7.47e-06 | 4.54e-07 | 4.57e-07
Lgnal 3 6 5 14 25
Set No. 6 7 8 9 10
n iter. 4 7 4 7 4
t(s) 1.76e+1 | 1.07e+2 | 1.15e+01 | 6.33e+01 | 1.54e+01
res 2.17e-10 | 8.20e-06 | 9.26e-08 | 6.69e-06 | 4.39e-07
Lgnal 25 26 19 19 19
Set No. 11 12 13 14 15
n iter. 6 6 6 6 5
t(s) 6.49e+01 | 8.17e+01 | 9.83e+01 | 1.16e+02 | 1.03e+02
res 5.33e-06 | 9.70e-06 | 5.18e-06 | 4.98e-06 | 2.02e-06
Lgnal 22 19 19 19 19
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3.6 Conclusions
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Figure 3.2: Evolution of the bond dimension L of the solution for set 9 (D =4, N = 8).

3.6 Conclusions

Both ALS and DMRG exploit the way the tensor is decomposed (as a product of matrices)
by reducing the large, usually high-dimensional system of linear equations to N smaller
problems of moderate size, and then iterating over the local systems. If the bond dimen-
sion of the MPS and MPO are moderate, one can dramatically increase the dimensionality
of the problem (or the refinement in each dimension) and still find a solution with good
accuracy in little time. We will see in Chapter 7 how to include either ALS or DMRG
in the context of Multigrid schemes (as smoothers). Nevertheless, DMRG has been the
state of the art solver in the context of low-rank tensor representations, since it attacks the
main problem of determining the bond dimension of the solution x directly. Very recently,
however, new methods have been presented that are comparable or better than DMRG in
TT-format [6, 7], so this is a highly active research field.
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4 Approximate inverse of an MPO

4.1 Statement of the problem

Given a regular matrix A, a good preconditioner M should provide an appropriate ap-
proximation of the inverse and thus the norm of the difference || AM — I|| should be small.
The construcion of the sparse approximate inverse (SPAI) of a given matrix A is based on
the minimization

—_— — H J—
]\BIHI?\/(HAM IHFf]\BImn Tr ((AM I (AM I)> 4.1)

One typically specifies the set M C K"*" of feasible preconditioners by prescribing the
sparsity pattern of M in a static or dynamic way. We now want to study how the SPAI
approach can be modified to the MPO concept, where both the original matrix A and
the desired preconditioner M are represented as MPO. In other words, we are currently
looking for a data-sparse approximate inverse of a given MPO, where the ranks of the
desired preconditioner are bounded by some prescribed L:

min_ ||[AM — I|%.
MeceMPOy,

As in the previous chapter, a solution to this problem was also recently presented in [19]
(as well as a variant in a related format [8]), but our discussion will be useful for Chapter 5,
where we introduce new ideas on MPO preconditioners.

The discussion that follows resembles very much that of last chapter, and only the in-
dices involved differ. We hope that this discussion will serve to add insight to the contrac-
tions of the tensor networks involved.

4.2 Theory

The idea of the approach is to evaluate Eq. (4.1) for the MPO representations of A and M
and use an ALS method to solve iteratively for the components of M. Once again, we
write

N
A — Z Ty (W(M,Jl) . .W](ViN,jN)> @eine;n

i1, 0iN

J15--JN
_ 11,71 . (in,JN)
- Z Zwl,phme’l € ® ® Z WN;py,p1 Cin € JN
P1y-PN  \%1,J1 INSIN
E : Wi;py,p2 @ @ WN;pN,p1> (4.2)
P1,---sPN
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4 Approximate inverse of an MPO

N
M = Z Tr (X{il’jl) . ..X}é”’jN)> ®€in6;n

il,...,iN n=1
J1yesJN
_ i1,J1) . (in,JN)
- Z Zajl jq1,q2 €01 € Jl ® ® Z INsqn,q1 €N € JN
q1,--9N  \11,]1 INGIN
= E : T1;q1,q2 © O TN3qn,q1- (4.3)
q1,--,4N

The product of A and M is also an MPO given by

N
AM: Z TI'(B](_'Ll’kl)"'BJ(\Z]N,kN)>®€in€£n
n=1

IyesiN
K1, kN

_ E E (i1,k1) § : (in,kN)

- b]. ;81 Szellek‘l Q& bNSN S1 7/NekJN
81,--,SN  \11,k1 in,kN

= § bijs1,52 @ - @ bNjsn,s:- (4.4)
S1,e-ySN

where the B4 matrices are given by

B((iid’k:d) = Z chidajd) ® X((ijdvkd). (4.5)

Jd
It is evident from the tensor product in (4.5) that the bond dimension of the resulting MPO
is larger than that of A and M. If matrix chl‘” ) has size Dy x Dgyq and matrix X éj a:ka)

has size Ly X Lgy1, then Bc(iid’kd) has size (DyLg) X (Dg+1Lg+1). The components of the
B4 matrices can be written as

Citains = Ugais = D Waposen * Siasans’ (46)
qd>9d+1 Jd
where the indices are related by
sd = La(pa — 1) + qa, (4.7a)
Sd+1 = La+1(pa+1 — 1) + gat1- (4.7b)

In the following, we will also need the term (AM ), whose matrix components are given

by

_(kd}id) — _(kd7id) _ —(kd>j(li) —(j(l;{zid)
bd§7"d77“d+1 - bd;md,md+1 - wd;md,md+1 ding,nd+1’ (48)
Nd;Nd+1 j[i

and the indices are related by

rg = Ld(md — 1) + ng, (4.9a)

26



4.2 Theory

Ta+1 = Lay1(mar1 — 1) +nay1- (4.9b)
From Eq. (4.1), the trace yields

Tr ((AM D AM - I)) =Tr (AM)" . AM — (AM)" - T—T-AM —1). (410)

The first term inside the trace gives

N
H o (k1,i1) k1,€1 7(kENyin) k’N,@N) T
(AM) ’ (AM) - Z Z bl M ,m2 171717172 ) Z bN MmN ,mM N7PN,P1 ®82"6£".
il ni,n2 q1,92 nn,"1 4nN,q1 n=1
m,n,p,q
4.11)

The other three terms inside the trace are trivial, and have the form

N
5T
Z ® ez" 67:77, )

i1,ein n=1

N
= Z 521,51 T 57:N7€N ® Cin 6}"‘ (4.12)
11, 0IN n=1
1 ~~~~~ In
N
— (0.4 _(p .
AT Y T (B BE) Q]
ilr--viN n=1
A
— 6117’1) [N,'LN
- Z bl amma 0N imay,mi ® elneé (4.13)
ilmmn N2 NN, p=]
( ) ( ) S
11,61 iNLN T
I-(AaM)= 3 T (Bl ..BY )®eineen,
U100 N n=1
AN
(11751 (zN,EN
- Z Lip1,p2 - UNipN,p1 ® elnee (4.14)
ilpg (192 qN,q1 p=1

Therefore, the terms inside the trace in Eq. (4.10) can be written as

H _ (k1,41)  5(k1,61) (kn, (k.0
(AM 1 <AM—I>—[ > (S ) (S

,l,m,n,p,q k1 n1,n2 41,92 nn,M 4nN,q1

7(1,i1) 7(UNiN) i1, iNe
Z <b1;11ﬂ117m2 T bNJ;VmJJ\Y,m1> + Z <bg;;>171p)2 T bs\f];\;NJYIL) +

i7l7m7n nl ’n2 nN,nl Z'7l7p7q ql 7q2 Qqul

N
Z 5i1,£1 e '6iN7éN] ® €ip e}n- (4.15)
’i,l n=1

Now we need to take the trace of this expression. To see it more clearly, the expression
above can be written as

(AM - D" (AM - 1) Zfzf@eznee
n=1
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4 Approximate inverse of an MPO

which exhibits the MPO structure. The diagonal terms are those for which (i1, ...,in) =
(41,...,4N). The trace is the sum over these terms, namely

Tr ((AM ~ D" (AM - I)) - Z £(i,4).

Having this in mind, the first terms of the trace yields

H _ (k1,i1) (kl,h) 7(knyin) 3 (kNyiN)
Tr (AM)! - (AM)) = Z Zbl ) b Z pikv i) | ki)
myn,p,q \ki,ip "2 41,42 kNN NN, qN>q1
N
= > [ ctmemen: (4.16)
q¢,904+1

where we have introduced the Cy tensors defined as

P _(kdvid) (kd,id) .
Cd;rzi7%d+1l o Z bd;md’md+1bd§pdmd+1' (41 )
szpdil ka,ia Nd,Nd+1 qd,9d+1
qd>,9d+1

The second term of the trace reads

Tr (AM e D) I AR S

mmn i n1,n2 in NN,
N
= E H é@;mg,mg+17 (418)
m,n f=1 Ne,Me41
with Cy tensors defined as
_ Zdv”’d
Caimg i ¢ Z g (4.19)
nd,Md+1 Ng,MNd+1

In fact, we need only these two terms to attack the minimization problem. Our goal is to

find the MPO matrix elements $£l{2;i,2?1+1 (hidden inside the B, matrices, see Eq. (4.6)) that

minimize Eq. (4.10), for which we require

0
=~ (]:pld)
ding,nd+1

Tr ((AM ~ " (AM - I)) Lo. (4.20)

This operation involves only the By tensors, so we need to perform the following deriva-

tive:
9 ~(kasia) @8) _(kady)
W (bd%md»md+1 Wy MMt 1 (421)
xd?”dand+l TdsMd+1
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4.2 Theory

Now, we can compute the derivative of the trace Eq. (4.20). The quadratic term (4.11)
yields
Z pFada)  (kaja)  (asia)

.c 1. .
d—1mg—1,mq dima,mas1 - dipa,pa+1 " diqa,qa+1

O(AM)" (AM)) _

7(j£l:id) n
1,12 nd—1,Md ~
ding,na+1 n}"j’?ﬁdfl P1,P2 Pd—1,Pd ka.ja
nd+’2,'~,~7nN q1,92 dd—1,9d
Cd+1;maq1,maqe """ CNsmy,my
Nd+1,"d+2 nn,n1
Pd+1,Pd+2 PN D1
9d+1,9d+-2 qN,q1
(Jqda) pdria)
Z Z Pangngir P digaqas (4.22)
qd,9d+1 jd 4d,dd+1
where the P, tensor is given by
(4553d) H (ded) (kd>ja)
Pangngg Clmpmess Waimgma Ydipa,pagr (4.23)
it G,
N1y 1 é;éd ;
Nt 2N qe,9e+1
Q1sesGd—1
qd+25--4N
The linear term gives
a ((AM) . I) o E(il,il) L. w(ld,j&) L B(’LN,ZN)
_(iyia) - }: 1372172@2 dima,md1 Z Nymn,my
d?"dvnd-Fl ni flnd_l " b N e
nNd42;--- NN
N P
_ ~ —(ld’]d)
- £§m£7m£+1wd;md,md+1
m =1 UTRUTESY
N1 Nd—1 f£d
nNd42;--- NN
~(Jysia)
ding,nd+1 (4.24)
Thus, it is possible to write down Eq. (4.20) as the linear equation
(Jdujd) (]dvid) _ ~(j:ivid)
Z Z Pangnapr P digagars = Pdingngsr (4.25)

qd,9d+1 Jd dd,qd+1

which has to be solved for all n4, nq11,iq and j);. This can be rewritten in matrix form as

(0,0) (0,1) (0,0) (0,1) ~(0,0) ~(0,1)
Py, (nd7nd+1) (94,9d+1) pdl(?d,ndﬂ) (qd»qd+1) d;qd,9d+1 l(iiq?%ﬂ _ ((117761)7nd+1 ding,nd41
(ndmd“) (94,qd+1) pd%(nd’ndJrl):((IdyCIdJrl) diqa,qd+1  ~diqd,qd+1 Pdngmnai d;nd,nd+)1
(4.26

where each matrix Péjd’j‘l’l) has size (LgLg+1) X (LgLg+1)-
The ALS procedure is carried out like analogously to the previous chapter, with the only
differnece that, at a given site d = 1,..., N — 1, we solve Eq. (4.25) to obtain now four
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4 Approximate inverse of an MPO

matrices (instead of two) that make up X4 and normalize this solution by taking its SVD,
namely

0,0 0,0
Ko (Yo
Xd 9 Ud 9
_ R (4.27)
0,1 0,1
Xd 9 Ud 9

where we have ordered the four matrices X c(lid’j ) rowwise into one rectangular matrix.
The Ua(lzd’J 4) matrices are unitary and now satisfy the following gauge condition

Z U(gid,jd)HUtgidajd) =1T. (428)

id,Jd

Now, we substitute our four solution matrices X gd’j @) by the unitary matrices Ulgid’j @)
and move the remaining factor 34 - V4 to the right neighbor, that is,

Ty (X{il’jl) ‘Xéiz,jz) B 'Xt(lidajd) 'Xl(i"i;_iii-lvjd-i-l) o X](\j']iil,jN_l) .X](\'I‘}N,jN)) 5 (4.29)

Tr (X{il’jl) ) Xéiz,jz) o Uéid,jd)_ (zd ) Vd) ) X((i:z_i-ll-lajd-i-l) "'X](\ir]iil’jN_l) ) X](\i’NajN)) _

(td+41>dd+1)
—>Xd+1

(4.30)

Once the matrices at site d are substituted and those at site d + 1 updated, we repeat the
procedure at site d 4- 1 until reaching site N — 1. At this point, all sites except d = N will be
normalized, and a right-to-left sweep can be performed analogously. To this end, we take

(Xff’o) x (0 x (O Xc(ll’l))z(Ud'Ed)'(Vd(O’o) v yon Vd(l’l)),
(4.31)

X é”:d’jd) Vd(id’j 4) and move the remaining

substitute the matrices with the unitary matrices
factor Uq - X g to the left neighbor, ford = N, ..., 2.

4.3 Numerical considerations

We now follow the same reasoning as in Chapter 3, section 3.3 and define the left (Fy) and
right (Gq) factors of the Py tensor as

d—1
fd;m1,md = E H Clmyg,mpyrs (432)
ni,nqg Mo,y Mg—1 f— Mg,Me41
P1,Pd N2 Mg =1 PesPe+1
q1,9d Do D1 qe,90+1
q2;---549d—1
N
Gdsmaimgiy = E : H Clsmy,meqr (4.33)
ni,nd41 MGty yMN f—ed ] Ng,Me41
P1,Pd+1 nd+21_,_jnN + DesPe+1
q1,9d+1 Dd+2+-- PN qe,9e+1
qd+25--54N
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4.3 Numerical considerations

such that the P, tensor can be written as

(3%3a) —(kddd) (ka>ja)
= . 4.34
Paingmngiq Z fd@}v;yd Waimg,masr Wdipg,pasr 9% M ma+1 (4.34)
qd:9d+1 ,
At mi m 4 g PLPd P1,Pd4+1
’ sH1s 1 1,
Mg, M1 41,94 q1,9d+1
Pd;Pd+1

Likewise, for P; we have,

d—1
fd;ml,md = § H Clmpmpyts (435)
n1,nd me,...,Mq_1 f=1 ne,Me+1
N2, Nd—1
N
Jdsma,mgyy = E H Climg,meyrs (436)
ni,Nd+1 Mgp2,MN f=d+1 Ng,Mp41

Nd+2;---NN

and write the P, tensor as

(jdﬂd dv]d) ~
Dy nd,ndJrl - E fd ym1,mgy dmd7md+1gd mi1,Mgy1 (437)
ni,ng N1,Md+1
mi,n] )
mq,Mdq+1

The key idea of writing the P; and P, tensors with left and right factors is that we can
easily compute the new left and right factors when moving from site d to site d + 1 after
having optimized site d (or from site d to site d — 1 in a right-to-left sweep). Like in the
previous chapter, the recurrence relations are the following;:

fd+1§m1,md+1 = E : fd§m17mdcd§md7md+17 (4.38)
NNl gomy, MM NdiMd+
P1,Pd+1 Pd-qd P1,Pd Pd;Pd+1
q1,9d+1 q1,44 qd>9d+1
9dd—1;m1,mg — E Cd;md,m,prl gd;m1,md+1a (439)
n1,Nd i, n Nd,Nd+1 n1,Md+1
P1,Pd pddilqu;fll PdsPd+1 P1,Pd+1
q1,9d ) 4d>9d+1 q1,9d+1
fd—}—l;ml May1 Z fd;m1 maCdymg,mai1) (4.40)
ni,ndg+1 my,ng ni,ng Nd;Nd+1
gd—l;ml,md == E Cd;md,md+1 gd;ml,md+1 . (4'41)
ni,ng Mt 1M1 Nd;Nd+1 n1,Md+1
b

Let us now summarize our discussion and present the final algorithm. The key idea
is to find the small matrices X4 that make up the MPO M, so that the algorithm’s com-
plexity depends on the dimensions Lg x L4y of these small matrices, rather than on the
dimensions of M itself. Equation (4.25) (or, equivalently, (4.26)) tells us how to solve for
each of the X4 matrices componentwise, for which the Py and P, tensors have to be cal-
culated. These tensors give us the contractions relative to all other sites (that are not being
minimized), and defining the recurrence relations for the left and right factors of these
two tensors allows us to reuse previous contractions to perform the calculations more effi-
ciently.

Algorithm 2 describes the steps to follow in order to obtain the approximate inverse
MPO M of an MPO A.
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4 Approximate inverse of an MPO

Algorithm 2: ALS for the Approximate Inverse of an MPO

input : A = A[W;,..., Wn] € MPOp, MPO for which we want the inverse.
output: M = M[Xy,..., XN| € MPOy, approximate inverse of A.

1 generate initial guess for M € MPOy, ;

2 pre-compute all right tensors G4, Gy ford = 1,....,N—1,withGn = Gn =1
using Egs. (4.33) and (4.36);
initialize Fy = ﬁ‘l =1;
while not converged do

3
4
5 ford=1to N — 1do /1 left-to-right sweep
6 calculate P4 and Py using Egs. (4.34) and (4.37);
7 solve for X4, the solution matrices at site d, Eq. (4.25);
8 compute the SVD of X(g“’zd) = Ugd’zd)EdVd;
9 substitute Xlgjd’id) — Uc(ijd’id) and Xc(lj_f_if’zd“) — EdVdXéJ_ffl’zd“);
10 calculate Fg41 and ﬁ’d+1 using Eqs. (4.38) and (4.40) ;
11 end
12 ford = N to2do /1 right-to-left sweep
13 calculate P4 and Py using Eqgs. (4.34) and (4.37);
14 solve for X, the solution matrices at site d, Eq. (4.25);
15 compute the SVD of X c(ig arta) _ UdZ]dVd(J a-ia) ;
16 substitute X J2'0)  yUaia gng xGarie-n)  xUa iy, s
17 calculate G4_1 and Gg_1 using Egs. (4.39) and (4.41);
18 end
19 end

4.3.1 Computational complexity

Analogously to the discussion in Section 3.3.1, we can derive the computational costs of
Algorithm 2, starting with the PBC case. Again, we follow the efficient contraction schemes
described in [12].

The complexity of solving the linear system P;X4 = P4 depends on the solver used.
The system matrix derived from the tensor Py in Eq. (4.26) has size 2L/, 1 X2LgLg11, 80
the complexity of using a direct solver is the same as in the previous chapter, namely
O(8NLY) for the whole sweep. Taking the SVD of the solution matrices X4 requires
O(4L3) operations, as well as multiplying 34V times the right neighbor X 4. Updating
the left factors Fj;;1 and Fj4y1 in line 10 requires O(8L°D*) and O(8L3D?) operations.
Therefore, the cost of a left-to-right sweep is approximately O(8 N L° D), which is also the
complexity of a whole ALS iteration, since the right-to-left sweep is equally expensive. In
total, the complexity of our algorithm is O(SNL°>D* + 8N L®).

The OBC case is less expensive since the first and last indices are dummy. This means
that the calculation of Fyy; and Fjy 1 reduces to O(8L3D?) and O(8L2D) operations,
respectively, thus reducing the overall complexity of an ALS sweep to approximately
O(8NL3D?). Including the solution of the linear systems, we obtain a final complexity
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4.4 Two-site optimization: DMRG

of O(BNL3D? + 8N LY).

4.3.2 Initial guess for M

An appropriate choice of the initial guess for M might improve the convergence speed of
the algorithm. Since we are looking for an MPO that is the inverse of A, a first idea would
be to take the inverse of the diagonal elements of A, which is an MPO with components

—1
(Da)iy..cin =< > w§f;;i22--~w§éi;’;7;1> , (442)

where we denote D 4 the diagonal part of A. Therefore, we’d like our initial guess M (®)
to have the above components, namely

E : (i1,01) (insin) L 1
l‘1§q1>(I2 xN?quql - (i17i1) (’iN,iN) : (4'43)
q1yqN 2: Wipy,po WN:py,p1
p17“"pN

One way to obtain such MPO is to use Algorithm 2 with A = D 4, and solve

i DM T 4.44
Mgﬁi%oLH A Ir (4.44)

The algorithm turns out to be very efficient in this case, so only a couple iterations are
necessary. This can then be used in line 1 of the algorithm as initial guess.

4.4 Two-site optimization: DMRG

One can follow the same reasoning of Section 3.4 and optimize two sites simultaneously

in order for the algorithm to be able to determine the dimensions of X ((1j aia) adaptively.
This time, the solution should be reshaped as follows:
(0,0)
X 0,0) +-(0,0 0,0) 4~ (1,1
X((il,O) ngl )ngl+1) T Xé )X((1+1)
0,0 1,0 0,1 1,1)) _ . ) .
X((10,1) (Xé+1) Xc(t+1) X¢(i+1) Xé+1)> - : ©.0) T ( )I
d 1,1) 4-(0,0 1,1) 4 (1,1
X((il,l) Xt(t )Xd+1 e Xy Xz(1+1)
UC(lO,O)
U0
= ‘%0’1) YaVa. (4.45)
Ug
Uc(ll,l)
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4 Approximate inverse of an MPO

4.5 Results

The ALS algorithm 2 and its DMRG variant were implemented on MATLAB. A similar
implementation [20] proposes to solve

AM — MA =21, (4.46)

instead of AM = I, arguing that the solution of Eq. (4.46) is symmetric, whereas that of
AM = I might not.

4.5.1 Heat Equation

As a first example, the operator I — a/A, (whith results from discretizing the 2D Heat
Equation with an implicit Euler scheme) with « = 1073, is inverted, and a grid with 219
points per dimension is used.! Due to the quadratic complexity of our algorithm in the
bond dimension of A, we were forced to limit the maximal bond dimension of the inverse
M to L = 20 (the permute operations in the calculation of the left and right factors Fy and
G4 seem to be very expensive).

Fig. and Table 4.1 show the resulting convergence after 5 iterations (after which it stalls,
having reached the upper limit for the bond dimension L = 20). Although there exist no
results concerning the convergence of DMRG, we can observe a linear tendency (of order
~ 0.85). The inverse M was calculated with an accuracy of ¢ = 2.37 x 1072 (relative
residual), and the solution obtained seems to preserve the symmetry of A™1, since the left
residual |[MA—1I||/|I|| = 2.37 x 1072 and the right residual || AM —I||/||I|| = 2.95 x 102
are of the same order, and the error in symmetry | M — M7||/||M|| = 4.23 x 103 is smaller
than £.2

100 [ i
%‘ | | iter. time currentiter. (s) L
§|§ 10-1 1 - 1 0.365 5
< - 1 2 2.26 12
i i 3 14.3 20
i | 4 36.4 20
i , 5 50.3 20
10_2 | | | | | Table 4.1: Results

1 2 3 4 5
Tteration number

Figure 4.1: Convergence of the inverse of
I — als for N = 10.

!Storing such matrix would require 2*° cells, or ©(22°) in the sparse case.
2These indicators are used in [20].
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4.5 Results

4.5.2 Random matrix

Now we generate a random OBC-MPO by defining the core matrices as
W) —rand(D, D, 2, 2).

(taking care of the boundary condition Dy = Dy = 1). We then build our system matrix
A, to be symmetric and diagonally dominant as A, + 1(A + AT) + I. We choose the
bond dimension of A to be D = 2, so the system matrix A; has bond dimension D; = 5.
The results below illustrate what happens after just one DMRG iteration while increasing
N = 2,...,20. Since the resulting system matrix is dense, it would require in each case
22N cells just to store the matrix. In the MATLAB implementation used, the maximum size
possible to store a matrix with zeros is N = 14.

AM-T AM-T

2 1 N e [N B
2 1.85e-08 | 12 9.18e-05
20 |- i 3 212e-08 | 13 6.32e-05
D 4 244e-08 | 14 1.11e-04
5 151 i 5 325e-08 | 15 4.08e-05
'E 6 1.85e-04 | 16 5.73e-05
& 101 i 7  260e-04 |17 3.81e-05
g 8 744e-04 |18 2.82e-05
= 5| i 9 258e-04 | 19 1.68e-05
10 1.65e-04 | 20 1.67e-05

ol | 11 1.69e-04

| | | | | | | | | |

2 4 6 8 10 12 14 16 18 20 Table 4.2: Relative residual after

N iteration.

Figure 4.2: Time required to perform the
first DMRG iteration of the ran-
dom matrix A

We observe from Table 4.2 that after only one iteration, the inverse is very well approxi-
mated. The resulting bond dimension of M is4 when N = 2,3,and 16 when N = 4,.. ., 20.
Under this observation it is clear why Fig. 4.2 is approximately linear. The resulting right
and left residuals were monitored and resulted in each case of the same order of magni-
tude.

Additionally, several runs were performed on purely random MPO A (non-symmetric
and non-diagonally dominant) and DMRG was observed to converge in many cases, a fact
that might be worth investigating.
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4 Approximate inverse of an MPO

4.6 Conclusions

We have presented an algorithm to approximate the inverse of a matrix A given that it
can be represented in MPO format. The complexity of the algorithm requires the bond di-
mensions of the resulting inverse M to remain moderate, otherwise one runs into memory
problems. This is usually not the case, since even matrices with special structures (such as
banded Toeplitz) have inverses that require high bond dimensions [23, 34]. This is a reason
not to calculate the inverse M for the solution of linear equations, despite the fact that the
algorithm has a complexity only slightly higher than DMRG from Chapter (3). Nonethe-
less, DMRG in this context can provide very good approximate inverses with small bond
dimensions, a fact that we will exploit in the next chapter to generate preconditioners.
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5 Relaxation schemes and preconditioning in
MPS/MPO format

5.1 Iterative methods

We now turn our attention to a family of methods that seek a solution of the linear system

of equations!
Ax =b,

iteratively, where each iterate has the form
D = Bz® 4+ g, k>0, (5.1)

where B is a matrix depending on A, and g = (I — B)A~'b. The iterative scheme will
then be convergent provided that the spectral radius of B is bounded by one, p(B) < 1.

One can build an iterative scheme by choosing an adequate splitting of A, namely, rewrit-
ing A= M — (M — A). Then, the linear system of equations reads

Mz =(M — A)x + b,

which has the form (5.1) provided that B= M~'(M — A) =T - M 'Aand g = M 'A.
We want to investigate how such schemes look when A is given as an MPO,

N N N
A= Z Tr (H Wzgid’jd)> ®ein€}n = Z ®wd§Pd’Pd+17 (5.2)

1,0 0N d=1 n=1 P1,--PN d=1
Il N

with

00 (01

= 1;p1,p2 1ip1,p2

Wdspg,pa+1 = | (1,0) a1y ] (5.3)
1;p1,p2 1;p1,p2

and x and b are given as MPS.

5.2 Jacobi and Gauss-Seidel iterations

Choosing M := D, where D is the diagonal part of A, gives a Jacobi iteration. Rewriting
it in the form (5.1) gives

2+t = D~Y(D — A)z™ + D~ 1p*)
=z 4+ D 1pk), (5.4)

We follow [28] for this discussion.
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5 Relaxation schemes and preconditioning in MPS/MPO format

with residual #*) = b — Az*). The diagonal part of an MPO can be written down easily,
setting iq = jq for all d,

Dl iy = 3wl ulis, 59

oesiN - py pw

There are several ways to implement Eq. (5.4) numerically in the context of MPS/MPO.
One can either

1. use the expression for D (Eq. (5.5)), and use Algorithm 2 to calculate its inverse (or an
approximation). Then, carry out the product g(*) := D~17*) and the sum x(*) 4 g(*).
After doing so, compress the result 25*+1) t0 a certain bond dimension L; or

2. reformulate Eq. (5.4) as a minimization problem of the form

min || Dz®) — De®) — ®))2 (5.6)
2(k+1) eMPS}, 2

for which Algorithm 1 can be applied, using A = D and b = Dz®) 4 %),

Which approach is preferable? If D! can be calculated exactly in MPO format and has
a small bond dimension, then the first approach is better. If calculating D" is expensive,
the second approach might be advisable. In general, we have observed that the calculation
of D is fast and accurate. We will return to this point later.

A Gauss-Seidel iteration is obtained by setting M := D — L, where —L is the strictly
lower triangular part of A. This gives

et = g®) (D — L)% (5.7)

In order to perform a Gauss-Seidel iteration, we first need an expression for D — L in MPO
format. To do this, we start with expression (5.2) and decompose each matrix wa;p,,p, 4
as a sum of the diagonal part, the strictly lower triangular part and the strictly upper
triangular part, namely

Wdipg,pat1 = dd;Pd,pd-H - (Ed;pdmd+1 + ud;depd—i-l)’ (5.8)
where
(0,0)
Wy, 0
dd;pa,pats *= ( 1’81’102 (1,1) > ) (5.9
1;p1,p2
0 0
Ed;l’d,?d—i-l = ( 51,0) O) ) (5.10)
yP1,P2
(0,1)
0 .
Udipg,patr = — (0 wl’gl’p2> . (5.11)

Inserting this into the definition of the MPO A, we have
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5.2 Jacobi and Gauss-Seidel iterations

A= Z Wispy,pe @ " @ WN;pn,p1 (5.12)
P1,--sPN

= Z (dl;m,pz - (el;m,pz + u1§p19P2)) @& (dN§pN7P1 - (£N§PN’P1 + uN;pN,m)) :
P1ye-PN

(5.13)

From the above 3" terms (when carrying out the tensor products of each trinomial), only
some of them contribute to the lower part of A. For example, the term

dl;Pl,m ® d2;p27p3 ®...® dN—l;PN—nPN ® dN;pN,Pl (5.14)

gives the diagonal part of A. Inspecting the rest of the addends, one can observe that the
terms corresponding to the lower part of A are

(—€1;p1,p2) @ W2ipy,ps @ W3ipg,ps @ Wazpa,ps @ - @ WN—-13pn_1,08 @ WNipN,p1
+ dl;lez X (_e2;P2,P3) ® W3sp3,pa @ Waspa,ps @ -+ - O WN—-1;pn_1,08 @ WN;ipn,p1

+ di;py,pr @ d2;ps,ps © (_£3;p3,p4) @ Waspa,ps @ - O WN-1;pn_1,pnv @ WN;pn,p1

+ d1;p1,p2 @ A2;p,,ps © d3;pg,py © dapyps @ - @ AN-1;p5_1,pn @ (—ENp,pr)s (5:15)

or, written more compactly

N i—1 N
L= E : E : ®dj;Pj,Pj+1 ®£i§piapi+1 ® Wyspipjitr | - (5.16)
i=1 p1,.pn | j=1 j=it1
diagonal lower triangular arbitrary

The motivation behind this expression is as follows. Take, for example, the first addend,
i = 1. The resulting MPO is a tensor product of £; with the rest of the w; matrices (j =
2,---,N). No matter what these w; matrices look like, the tensor product with £; gives a
lower triangular matrix. The rest of the addends can be reasoned analogously: there are
diagonal matrices d; multiplied to the left, followed by a single £; matrix whose tensor
product with the w; matrices to its right gives a lower triangular matrix. Therefore, we
can write

N+1 i—1 N
D-L= E : § : ®dj;Pj,Pj+1 ®(_£i;m,pi+1) ® Wjspi,pjita | (5.17)
i=1 p1,opn | =1 j=it1

where the NV 4 1st addend gives the diagonal of A (Eq. (5.14), discarding matrix £n41).
Notice that the above expression for D — L is in fact a sum of N +1 MPOs, and is therefore
an MPO, but with bond dimension (N + 1)D, that is, it grows linearly with N.

Following the same reasoning, one can write the upper triangular part of A as
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5 Relaxation schemes and preconditioning in MPS/MPO format

N i—1 N
U= E , E ®dj;pj,pj+1 @ WUisp;,piqq ® Wispjpita | - (5.18)
i=1p1,...pN | j=1 j=i+1
diagonal upper triangular arbitrary

The main problem with any iterative scheme of the form (5.1) is the growth of the bond
dimension L of «(¥) with every iteration. The complexity of truncating the vector with a
prescribed accuracy ¢ is O(2N L?). If we consider a Jacobi iteration, we need to compress
z® + D71 (b — Az™)). Due to its increased bond dimension, compressing this vector is
more expensive than one ALS iteration. Such iterative methods are not usually used as
solvers, but can be used as smoothers in the context of multigrid methods. If this is the
case, careful attention must be paid to the compression of the solution at each iteration. If
the MPS is not compressed with enought accuracy, the smoothing is affected. As a naive
example, consider five Jacobi iterations of a 1-dimensional Poisson equation with both
right hand side and initial guess equal to 1. Fig. 5.2 shows the exact iterate and an iterate
obtained using a low compression accuracy of ¢ = 1.

1 | Exact
Low precision
0.8 approximation
0.6 |- 2
u®
0.4
0.2 2
O l l l l l l l

Figure 5.1: Two calculations of 5 Jacobi iterations for a 1D Poisson equation. If the compres-
sion is not carried out with enough accuracy, the smoothness of the solution is
lost.

In the context of tensor representations, however, ALS or DMRG have been preferred
as smoothers [4, 5], which is natural if we consider the complexity argument discussed
above.

5.3 Preconditioning

In Chapter 4 we discussed a method to obtain an approximate inverse M of A, which can
be used as a preconditioner for linear systems given in MPS/MPO format. This means
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5.3 Preconditioning

that we try to solve
MAx = Mb, (5.19)

instead of the original system Az = b, hoping that the resulting system matrix M A will
have a smaller condition number than A. Note that the product M A results in an MPO
with larger bond dimension (the product of both bond dimensions), and the same happens
for the resulting MPS Mb. A second alternative is to use

M 1Az = M 'b, (5.20)

which means looking for a matrix M ~ A, such that the spectrum of M ' A is better
clustered then that of A. Preconditioners have also been studied in the context of high-
dimensional elliptics PDE eigenvalue problems in Tucker and canconical format [18, 16].

5.3.1 Stationary preconditioners

Choosing D, the diagonal part of A, to be the preconditioner M in Eq. (5.20), one can
consider a Jacobi-like ALS minimization problem given by

min ||[D”'Az — D7'b|3. (5.21)

reMPS L

The inverse of D (or an approximation) can be obtained using Algorithm 2, and it offers the
advantage of having, in general (as observed from numerical simulations), a small bond
dimension. The performance of this preconditioner becomes better the more diagonally
dominant the matrix A is.

A Gauss-Seidel preconditioner is obtained by defining M := D — L, which leads to the
following minimization problem:

min |(D — L)™' Az — (D — L)"'b|3. (5.22)
reMPSy,
This Gauss-Seidel preconditioner, however, has a very large bond dimension (as we saw
in Sec. 5.2, see Eq. (5.17)), so finding an approximate inverse can be very expensive.

An alternative idea would be to first compress D — L (using an SVD truncation or an
ALS compression scheme) so that it has a small bond dimension, and then finding an
approximate inverse of this compressed MPO. In this case, if one starts with, for example,
the following operator

1.0455 0.0440 0.0569 0.0578 0.0366 0.0359 0.0278 0.0283
0.0718 1.1680 0.0796 0.0808 0.0556 0.1082 0.0390 0.0402
0.0577 0.0575 1.1112 0.1124 0.0444 0.0447 0.0650 0.0657
0.0850 0.1357 0.1582 1.1891 0.0639 0.0846 0.0925 0.1112
0.1121  0.1109 0.0655 0.0665 1.0671 0.0658 0.0578 0.0587 |’
0.1682 0.3021 0.0919 0.0959 0.1029 1.2087 0.0810 0.0831
0.1340 0.1353 0.1724 0.1742 0.0822 0.0826 1.1285 0.1299
0.1909 0.2325 0.2454 0.2957 0.1189 0.1645 0.1829 1.2194

where A was constructed with bond dimension 3, taking the lower triangular part (which
has bond dimension 9) and compressing it to bond dimension 1 using purely SVD com-
pression gives
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5 Relaxation schemes and preconditioning in MPS/MPO format

1.0378 0.0242 0.0087 0.0002
0.1558 1.1617 0.0013 0.0097
0.1278 0.0030 1.0806 0.0252
0.0192 0.1430 0.1622 1.2096 0 0 0 0
0.2300 0.0054 0.0019 0.0000 1.0664 0.0249 0.0089 0.0002]| "’
0.0345 0.2574 0.0003 0.0022 0.1600 1.1937 0.0013 0.0100
0.0283 0.0007 0.2394 0.0056 0.1313 0.0031 1.1103 0.0259
0.0042 0.0317 0.0359 0.2680 0.0197 0.1469 0.1666 1.2429

o o o
o oo
o o o
o oo

M, =

which approximates the lower triangular part of A with an error of 4.2293 x 10~1. An
approximation with bond dimension 2 gives an error of 6.7107 x 1072. Using a random
right hand side b = (0.6734,0.1319, 0.7043, 0.3849, 0.3622, 0.9626, 0.0876, 0.2557)T, ten regu-
lar Gauss-Seidel iterations give an error of 1.5793 x 10~?, whereas the rank 1 approximation
yields an error of 1.7821 x 107?, and the rank 2 approximation gives 1.6129 x 1079, while
ten Jacobi iterations result in an error of 5.3785 x 1074,

Another idea for a preconditioner is what we will call an incomplete Gauss-Seidel pre-
conditioner. It consists of the diagonal part of A plus a truncated number of lower terms
in Eq. (5.16). For instance, the most dominant term corresponds to the addend i = 1, since
it contributes the largest number of elements below the main diagonal. Adding the main
diagonal plus this term results in an MPO of twice the bond dimension of A (instead of NV
times, with the complete Gauss-Seidel), and it has the form

N N
M = ® dispipiyr — L1ip1,pa ® Wisp;,pitr- (5.23)
=1 =2

Applied to our previous example, Eq. (5.23) gives the following operator:

1.0455 0 0 0
0 1.1680 0 0
0 0 1.1112 0
M — 0 0 0 1.1891
0.1121 0.1109 0.0655 0.0665
0.1682 0.3021 0.0919 0.0959
0.1340 0.1353 0.1724 0.1742
0.1909 0.2325 0.2454 0.2957

,_.
Socoococo
A
|
coococo

cooococo

—_
[\~)
o
[e3]
J

0
0
0
0
0
0
2

1.

ju—y

85 0
0 1.2194

o oo
o o

The MPO obtained this way has bond dimension 4. Using the same right hand side as
above we observe that ten iterations using the exact inverse of this incomplete Gauss-
Seidel operator (which turns out to have also bond dimension 4) give an error of 1.5264 x
107"

In the first approach, one finds a low bond dimension approximation of the inverse of
lower part of A, whereas in this last approach one finds the approximate inverse of a low
bond dimension representation of the lower part of A. The first approach seems thus more
convenient since one can control the bond dimension of the resulting inverse.

Finally, one could consider finding an approximate inverse of the full matrix A directly.
This can be done in two ways. 1) Compressing A to a certain bond dimension, and then
finding an approximate inverse of this approximation, which might be useful if the bond
dimension of A is large. Or 2) finding a low bond dimension approximate inverse of A
directly.
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5.4 Examples

5.4 Examples

Consider the following 3-dimensional PDE:

of 0*f  O0*f 3
— L4~ L) = = Q=10,1 24
Moy T2 <8y2 022 L 2=(zyz)e 0,11, (5.242)
f(z,y,2) =0 in 99Q. (5.24b)

where a; and ay are two real constants. We use the following finite difference scheme:

o fiik — fie1k ay <fi,j+1,k —2fijk+ fij—1k

o Jigker = 2fisk + fz‘7j7k—1) = 1.
he

h2 h?
(5.25)
The MPO construction of the system matrix corresponding to this scheme can be obtained
analogously to the D-dimensional Laplacian (3.45). Its resulting bond dimension is 6.
We consider four types of preconditioners for this problem:

1. A Jacobi preconditioner, taking the diagonal part of A and inverting it;

2. A Gauss-Seidel preconditioner, taking the lower triangular part of A, then compress-
ing it to a given bond dimension, and finding its approximate inverse;

3. Anincomplete Gauss-Seidel preconditioner, taking the main diagonal plus the lower
dominant term (Eq. (5.23));

4. A complete preconditioner, compressing A to a given bond dimensions and finding
its approximate inverse.

In cases 2-4, we restricted the bond dimension of the preconditioner M to 2 (for Jacobi, it’s
equal to 1 since the matrix is Toeplitz), so that the bond dimension of the preconditioned
MPO M A remains moderate (in this case, 12, except for Jacobi).

We start off by performing 20 iterations of the ALS algorithm (Algorithm 1). We seek a
solution vector f with bond dimension 5, and we choose the following parameters: a; =
1073, as = 1075, with discretization points per dimension N, = 219, N, = N, = 2. The

solution vector is thus an MPS of dimension 26 (with 220 entries).
Prec.  total time (s) %
None 28.5 -
Jac. 30.3 1.36
GS 285 0.206
Inc. GS 288 1.35
Comp. 361 0.194

Table 5.1: Total time and preconditioner accuracy.

Figure 5.2 shows the effect of the four preconditioners. We observe that both Jacobi
and the incomplete Gauss-Seidel have no effect on the convergence of the method, and
are thus not recommendable. In the case of the Jacobi preconditioner, this might be due
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5 Relaxation schemes and preconditioning in MPS/MPO format

0
10 g 1 |—=— None
- 1 |-»- Jacobi
i | GS
5 L N | |~ Inc.GS
= IR S —— Complete
_g 107t |- .
2 \ |
& i S| 1
—2 [ | | | |
10 0 5 10 15 20

Tteration number

Figure 5.2: Preconditioned ALS for Eq (5.25).

to the fact that its MPO matrices are constant and site independent, causing the product
M A to result only in a rescaling of the MPO matrices of A. The Gauss-Seidel and the
complete preconditioner behave similarly, and the advantage is that they can improve
the convergence with a fixed bond dimension. Without such a preconditioner, the ALS
solution stalls. The times reported in Table 5.1 include the times required to calculate each
preconditioner, which are actually very small due to their reduced bond dimensions.

After several numerical experiments (using different MPOs as system matrices), it seems
that the effect of preconditioning in DMRG is hardly noticeable. This might indicate that
the local linear systems (when optimizing two cores) do not see the effect of precondition-
ing. Nevertheless, the preconditioners presented here might be useful in other families of
methods, namely, those translated from numerical linear algebra to low-rank tensor rep-
resentations. In the next section, we present such an example, introducing an MPS/MPO
version of the preconditioned Lanczos algorithm.
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6 A preconditioned Lanczos algorithm for
linear systems

The ALS and DMRG methods (as described, for instance, in Chapters 3 and 4) have been
the state of the art algorithms for solving numerical problems in MPS format. Recently,
Dolgov [6] proposed a restarted GMRES algorithm in TT format (equivalent to OBC MPS),
showing some advantages over DMRG in certain cases, especially in the estimation of the
solution ranks. The Lanczos algorithm, being also a Krylov subspace iteration method, has
proved especially powerful in the solution of linear systems with symmetric positive defi-
nite and semi-definite matrices. In its original form, it was used to find eigenpairs of large
symmetric matrices, but it was soon adapted to solve linear systems with one or multiple
right hand sides [25, 3]. Following this direction, a restarted Lanczos algorithm to calculate
the eigenvalues of an MPO was proposed in [11] , showing good convergence properties
(comparable to DMRG) and more flexibility in the choice of the bond dimension.

We start our discussion by describing the Lanczos algorithm for linear systems in its
original form (as given in [25]). We then propose an adaptation of the algorithm to MPS/MPO
format and discuss its convergence properties, comparing it to ALS and DMRG.

6.1 The Lanczos algorithm

Following the discussion in [25], we recall that the Lanczos algorithm to solve

Ax =b, (3.1)
consists primarily in building an orthonormal basis (g1, g2, - - - , g;) starting from the set
{ro,Arg,- -, AU _l)rg} (know as the Krylov subspace), where 79 = b — Ax“ is the initial

residual and x® is an approximation of the solution of (3.1). The orthonormal vectors g;
are obtained through a Gram-Schmidt procedure resulting in the following relation:
Ti+1 = Bjt1gi+1 = Agj — g5 — Bigj-1. (6.1)

The projection of A onto this space transforms the system into a tridiagonal one, namely
Tj = QjTAQj = tridiag(ﬁ, a, ,3), (62)

where Q; = [q192 - - - qj], o = (a1, 02, -+ ,o5) and B = (B2, B3, -+ , Bj).
Now, we look for a correction ¢ to be added to the initial approximation x*, which
satisfies the relation
Az’ = ry, (6.3)

and, from the properties of the resulting orthonormal space obtained before, one can show
that ¢ also satisfies

z;° = Q;yj, (6.4)
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6 A preconditioned Lanczos algorithm for linear systems

where y; is the solution of the tridiagonal system
Tjy; = Q;ro. (6.5)
The last step is to perform an LDL decomposition of T} to solve Eq. (6.5), namely
L;iD;L;Ty; = Q;"ro. (6.6)

Note that in order to solve Eq. (6.6) one needs to build Q; by saving all Lanczos vectors
g;. Paige and Saunders [24] proposed the following alternative, which requires the storage
of only two Lanczos vectors. Define z; and C; as

zj = Ljy; = L;j"Q; x;, (6.7)

L;C;T = Q;T, (6.8)

where the superscript c of ; has been dropped for clarity. Equations (6.6) and (6.4) become
L;jDjz; = Qj'ro, 6.9)

z; = Cjzj, (6.10)

or, rewriting Eq (6.9) and (6.8) in matrix form,

1
5 1 dq G q1’
2
3 T S (6.11)
5 1 d; G ;'
and
1 T T
5y 1 Ll a1
=1 : |. (6.12)
0 j. 1 <’ %’
From these two equations one can derive the following:
G = (ajro = 0;dj-1Gj-1)/d;, (6.13)
c;T =q;T —6jci1T. (6.14)
Inserting these results into (6.10) gives the iterative correction
@) = xj1 + (e | (6.15)

One can also allow the use of a preconditioner in order to solve the system
M ‘tAx = M~ 'b,, (5.20)

resulting in Algorithm 3, where quantities with bars indicate preconditioned variables. We
alsoset R=MMT.
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6.2 Translation to MPS/MPO: A restarted Lanczos algorithm

Algorithm 3: Preconditioned Lanczos algorithm for linear systems

input : A € R"™", beR", xp € R", ¢ > 0.
output: x;, an approximate solution to the system.

1 Start:
2 11 :=b— Axg, 71 := Mﬁl’!’l, Bl = ||’I:1|| = TlTRil’l"l, with gg := 0 and
q1:=71/B1

Co 2:0,d0:51 =0

forj=1,2,...do

Generate Lanczos vectors:

uj = R_lqj

Qaj = ’l_l,jTAﬂj ~

Ti41 = Auj — ;g5 — Bigj—1

9 Bjy1 = \/T'j+1TR71Tj+1

10 | gjt+1:=rj+1/Bn

11 Form the approximate solution:

12 dj =y — (SJZdj_l

B = Bina/dy -
14 | (= —0dj1(—1/d; (with (1 := B1/dy)

@ 3 SO Ul W

15 c;T = quR*1 — 5j(_2j_1T
16 Tj = Tj_1+ (;Cj

17 Convergence criterion:

18| |G| 7]/l | < e then
19 | terminate algorithm

20 end

21 end

6.2 Translation to MPS/MPO: A restarted Lanczos algorithm

The main for loop in Algorithm 3 poses an evident problem for an MPS implementation,
since the vector additions in lines 8, 15 and 16, as well as the matrix-vector product in line
6 would cause a considerable increase in the bond dimensions of the corresponding MPS
vectors. A restarted Lanczos algorithm, along with an appropriate compression scheme
for the MPS vectors, is a way possible to overcome this problem. The main difference is
that the for loop will now generate a fixed number m of Lanczos vectors and build the new
approximate solution, after which the algorithm is restarted, using this new approximation
as initial guess. Using a preconditioner M given in MPO format, the resulting scheme is
summarized as Algorithm 4.
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6 A preconditioned Lanczos algorithm for linear systems

Algorithm 4: Preconditioned restarted Lanczos algorithm for linear systems in
MPS/MPO format

© 0 g o U

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

input : A € MPOp, symmetric MPO system matrix; b € MPSy, right hand
side MPS; xog € MPSy,, initial guess MPS; M € MPOp, a
preconditioner MPO; € > 0, convergence criterion; m, subspace
dimension.

output: x € MPS;,, approximate solution of Ax = b.

Setrg :=b— Axg

fori=1,2,...do
Start:

q1 ‘= ?“1/51

Bjt1 =

end
end

Set xg := Tm
end

Co ::O,J0:51 =0
forj=1,2,...
Generate Lanczos vectors:
uj = R!
Q= l_l,jTAﬁj
Tiv1 = A% — a;q; — Biqj-1

,mdo

q;

ri+1TR™rj4

i1 =541/ B
Form the approximate solution:
dj =y —

5j2dj71

Oj1 = Bin/dj o

G = —0;d;j—1Gj—1/dj (With ¢y := B1/dy)

EjT = quRf1 — 5j5j_1T

Tj = Tj_1+ (;Cj

Convergence criterion:

if [Gj] - [mj41ll/l7oll < € then
‘ terminate algorithm

/! Restart until

convergence

r1:=b— Axg, 71 := M_lTl, Bl = ||51H =/ T1TR_1T1, with gg := 0 and

Ty = Per(xm) /] Compress with accuracy ¢ or to bond dim L

6.3 Results

Algorithm 4 was implemented for different MPO/MPS linear systems. As an example, we
go back to the D-dimensional Poisson equation

—Apu(x) =1,
x = l[z1,..
u(z) =0

zeQ=10,1]",
'aJ:D]u
in 092.

(6.16)
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6.3 Results

As mentioned, the main problem with the Lanczos algorithm is the increasing bond di-
mension of %; (and ;), and these should not be compressed within the inner for loop,
since doing it would mean leaving the Krylov subspace, thus adding errors to the follow-
ing operations. As a consequence, the preconditioned MPO R should be chosen to have a
small bond dimension.

i 1 |—e— Lanczos
- ALS
| |—e— Lanczos+Jacobi
~ | | ALS+Jacobi
3 {1 |——  Lanczos+GS
‘g 1 |-e- ALS+GS
= | |-=-Lanczos+Complete
E) -e-  ALS+Complete

By
iSspspsEmEEEE

0 5 10 15 20 25
Iteration

Figure 6.1: Comparison of ALS vs Lanczos for Eq. (6.16) using a solution with fixed bond
dimension 3.

ALS Lanczos
Preconditioner Total time (s) Preconditioner Total time (s)

None 6.95 None 60.2

Jac. 7.03 Jac. 59.5

GS 6.98 GS 59.1

Comp. 6.95 Comp. 59.2
Table 6.1: Time for 25 iterations using ALS, Table 6.2: Time for 25 iterations using
solution with bond dimension 3. Lanczos, solution with bond di-

mension 3.

For this example, we take a 5-dimensional Laplacian with 2% discretization points per
dimension. The dimension of the Lanczos subspace m is equal to 2, and we perform 25
iterations of the algorithm with four of the preconditioners discussed in the previous chap-
ter. Fig. 6.1 shows the convergence properties of the preconditioned Lanczos algorithm
compared to standard ALS iterations. We measured in both cases the preconditioned rel-
ative residual (instead of the criterion in line 19 of Algorithm 4). The times required for
the 25 iterations are reported in Tables 6.1 and 6.2, where we have searched for a solution
MPS with bond dimension 3. Although each iteration of the Lanczos algorithm takes ap-
proximately 10 times longer than an ALS iteration, the convergence can be improved by
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6 A preconditioned Lanczos algorithm for linear systems

up to a factor of approximately 5 (for a fixed bond dimension). We also observe that the
effect of preconditioning in the Lanczos algorithm does make a small difference even if
they have bond dimension 1. Additionally, increasing the bond dimension of the solution
MPS shows similar convergence results (larger times for Lanczos but with improved con-
vergence). The comparison with DMRG is difficult to carry out in this case, since the bond
dimension changes in DMRG, which makes it in general considerably more efficient and
faster (see Table 3.2, set 8, for an almost equivalent simulation).

A possible improvement to the algorithm would be to increase the bond dimension of
the solution MPS when the convergence starts to stall, but this can only be done if the
problem of increasing bond dimensions can be effectively overcome. Our simulations also
show that the Lanczos algorithm starts to present difficulties as NV (the number of dis-
cretization points) increases, but performs well with increasing dimensionality.

We conclude that the Lanczos algorithm as presented has severe limitations and per-
forms only slightly better than ALS in certain cases, namely, when the bond dimensions of
both the system matrix MPO A and the solution MPS x are small, as well as the dimension
of the Lanczos subspace and the number of discretization points per dimension. Still, there
might exist scenarios where it might be preferabe to use such Krylov subspace approach
instead of DMRG (for a related discussion, see [6]), in which case the Lanczos algorithm
could be useful.
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7 A Multigrid implementation in MPS
format

Yet another algorithm that has proven highly efficient for the solution of discretized PDEs
is the multigrid approach (in its different forms: two-grid, V-cycle, u-cycle, full multigrid,
full approximation storage, etc.). A full multigrid (FMG) implementation using the canon-
ical tensor decomposition (CANDECOMP) was recently presented [4], and another recent
work presents a treatment of multigrid methods in MPS format applied to the solution of
dilute lattice models [5]. In this chapter, a FMG method using the V-cycle is translated to
the MPS/MPO formalism and we present different ideas on prolongation and restriction.
We then discuss the performance of our implementation compared to the rest of the algo-
rithms presented so far (ALS, DMRG, Lanczos). As in Chapter 6, we first start with a quick
overview of the V-cycle, based on [1].

7.1 The V-cycle: full version

In the one dimensional case, one starts defining a grid Q" = [a,b] with h = (b — a)/n,
n = 2V, so there are n — 1 interior points. The discretization of the PDE leads to a system
of equations Algh = b" (the superscript h denoting the grid spacing), each approximate
solution " yielding a residual rl .= b" — A"z", and an error e := " — x., where x, is
the exact solution to the system of equations. The main idea of the V-cycle is to recursively
find better estimates for the error e on coarser grids, knowing that it satisfies the error
equation

Alel = rh = b — Al (7.1)

At each mesh, one tries to eliminate high frequency components of the error through a
number of pre- and postsmoothing operations (usually Jacobi or Gauss-Seidel iterations,
Egs. (5.4) and (5.7)), and the V-cycle is repeated until a certain convergence criterion is met.

In order to move from a coarse grid Q%" to a finer grid (2", one makes use of an interpo-
lation operator, denoted I%,, which is a linear operator from R2 ! to R*~!. For n = 8, its
action on a vector " is as follows:

I
Z2

— N

1 1 T T3
Ih x?h = 3 2 2 = |z | =2 (7.2)
1 I3 xIs
Te
Z7

2h

(R N
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7 A Multigrid implementation in MPS format

The corresponding operator to go from a fine grid Q" to a coarser grid Q2" is called a
restriction operator, denoted I?", which is a linear operator from R"~! to R2~!. A usual
choice for T?" is the full weighting operator, whose action on a vector " for n = 8 is given
by

I
T2

1 1 2 1 T3 1

I = 1 1 21 2| =22 =ah (7.3)

1 2 1 1 T3 oh

Te
Ty h

One can see that the interpolation and full weighting operators are related by
1
I = i(Igh)T- (7.4)

This fact (called the variational property) offers advantages compared to the more obvious
choice for restriction, namely, taking

a:jzh = :L“Sj, (7.5)

called injection. The V-cycle algorithm in its recursive form is summarized below.

Algorithm 5: vcycle - Full Matrix-Vector V-Cycle Scheme (Recursive Definition)

input : Al e Rv-Dx(n=1) ph ¢ Rr—1 gh ¢ Rr-1,
output: " € R 1,

1 while not converged do

2 relax 11 times on Ahm}e‘ = b" with initial guess x;
3 | if Q" = coarsest grid then

4 ‘ go to line 11;

5 else

6 b I (" — Alah);

7 x?h —0;

8 x2h chcle(AZh, b>", x?h);

9 end

10 | correctx" « x" + 1% x?h;

11 | relax v times on A"a" = b" with initial guess x
12 end

h.
7

7.2 Elements of Multigrid in MPS/MPO format

If a PDE problem can be translated to the MPS/MPO formalism, a corresponding multi-
grid implementation requires several components to be well defined in this format. These
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7.2 Elements of Multigrid in MPS/MPO format

include smoothing, interpolation, restriction, and adequate compression schemes to han-
dle an eventual growth of the ranks.

We saw in Chapter 5 how to translate Jacobi and Gauss-Seidel iterations to MPS format,
but also discussed their main disadvantage: the bond dimensions of the vectors involved
are too large, and compressing the solution vector after each iteration is more expensive
than carrying out an ALS iteration on the main system. This is why we will prefer ALS
or DMRG as smoothers, and the question is then if this is affordable, considering that an
algorithm like DMRG is itself a powerful solver. We will try to answer this question in the
next sections.

To indicate the level of coarseness, we now use a superindex N instead of h, since it
immediately reflects the number of MPO/MPS sites.

The authors in [14] describe how to obtain a TT representation of the interpolation
and full-weighting operators (equivalent to OBC-MPO), with the small difference that
the number of inner points considered in the grid is 2V instead of 2V — 1, so that h =
(b—a)/(2Y +1). The one dimensional interpolation operator defined this way is a 2V x 2V =1
matrix of the form

1
1 g (2)
(N) — = T
P 5 (I J7] [ J] |
0
1
2
11
2
1
2
11
2
and the full-weighting restriction operator in one dimension is given by
1 1 g7V a9
(V) = =
SR T R B Y (]
- %(P(N))T. (7.7)

From their inner core product definitions, one can observe that the bond dimension of both
interpolation and restriction operators is equal to 2.

It is also straightforward to determine how an MPS/MPO transforms in the case where
restriction is carried out by injection (choosing only the even or the odd components of the
vector), thanks to the binary construction of its components. For instance, if N = 3, we
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have
(m)i17i27i3 = Xle) Xéiz)X?("La) (78)
H._/
_}Xélzls)
o :X(il)X’(iz) 79
- (w)lhm 1 2 ) ( . )
where

x, 0 = x{°9
x,M = x {10

In words, one contracts the last two core matrices of the MPS (resp. MPO), which results
in a larger physical index (ix_1in), and takes the first two (resp. four) matrices of the
resulting new core:

X)iy insis = (2000, €001 010, L0115 £1005 £101, 110, £111),
— (2)4y,i, = (%000, 010, 100, £110)

= (00, To1, T10, T11)-

The advantage of using injection instead of a restriction operator like (7.7) is that the bond
dimension of the MPS does not change, so no compression is needed when going recur-
sively to coarser grids. We would also like to find a similar approach for interpolation, but
so far we have not found such an expression.

We also need to define the product of a rectangular MPO (such as 7.6) with an MPS.
Take, for example, an interpolation operation (¥) = PMz(N=1 In terms of the trace
representation, using again /N = 3 as an example, one has

(m(N))h,iz,is = Z(PI(N))iy,iz,h (w(N_l))jl,jz

j1,72 J1,J2
— Z Tr (W]F7117.71)W2(7'2’.72)W:§7/3)> TI. (X](?l)XéJZ))
j17j2

— Ty Zwl(ilajl) ® ijl) ZW2(732,.1'2) ® Xéh) (Wéi?’) ® I)

J1 J2

—Tr (X;("l)X;"'z)X;(”)) . (7.10)
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In the case of restriction, one has

(:B(Nfl))n,iz = Z (R1(N))‘i1;i2, (w(N))jlvaJQ

J1,92,J3 J1,J2,J3
=> T (Wl(il’jl)Wz(”’jz)W?fjﬂ) Tr (Xijl)Xéjz)Xéja))
J1,J2,J3

J1 J2 J3

Ty (Z Wl(il,jl) ® X{jl)) (Z Wz(iz,h) ® Xé‘h)) ( Zwéj:s) ® X?(,je.)

=Y

_ (X;(il)x;("Z)) . (7.11)

In the last step, we simply transfer the matrix Y to the left neighbor.

Both interpolation and restriction operators can also be applied to MPO, as can happen
when translating the system matrix from a fine to a coarse grid using the Galerkin condi-
tion, i.e., ANV = R, (M) AW p, (V) However, this would increase the bond dimension
of A (multiplying it by a factor of 4), so it is desirable to rediscretize the system MPO at
each level of coarseness, if possible. In fact, this is usually possible, since the techniques to
construct MPO from the finite difference discretization of many differential operators are
available in the literature.

7.2.1 Operators in higher dimensions

The MPO formalism allows a natural extension of the operators we have discussed to
higher dimensions . Using P (the interpolation operator in one dimension, Eq. (7.6)),
we can obtain the interpolation operator in higher dimensions as the tensor product of one
dimensional operators, namely

PpNtNp) — p(N1) o p,(V2) ... g p,(ND-1) g p(ND) (7.12)
D

QP (7.13)
i=1

In the definition above, we have allowed a different number of discretization points in each
dimension, namely, 2Ni in the i-th dimension. From the inner core product definition of
P;(N10D) | the two dimensional interpolation operator with N = 3 on both dimensions
would then be given by

PG = p® g p®

N |

I J7] x [I JT] X
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where its components in the MPO format would look as follows:

(PZ(S,B)) — Wl(il’jl)Wz(i2’j2)W?Sia)Wl(i4’j3)W2(i5’j4)W?fi6). (7.15)
.71""?.]4

The same holds for the restriction operator,
RpMt-Np) = Q) Ry (0. (7.16)

Again, for D = 2 and N = 3 on both directions, the MPO components are given by

<R2(3’3)>i1,...,i.4 _ 1(11,21)W2(22,.72)Wé]s)W1(1,3,J4)W2(z4,25)W3SJﬁ). (7.17)

J15-,76

The case of restriction by injection in higher dimensions is straightforward. In the pre-
vious section we saw that in one dimension one must contract the last two matrices, so
that only odd numbered elements remain. Take the two-dimensional case, i.e., the MPS
solution represents a matrix. In this case, one must choose the odd numbered elements
of each odd row, which translates into contracting the last two pairs of matrices into two
larger matrices, instead of just the last pair of matrices. The extension to D dimensions
follows the same reasoning (contracting the last D pairs of matrices).

With these elements available, we can proceed with an initial implementation of a V-
cycle in MPS format.

7.3 Implementation: Multigrid in MPS format

Algorithm 6 translates the V-cycle Algorithm 5 from Section 7.1 with the use of the MPS/MPO
concepts introduced in the previous section.

Whether or not one should compress the solution MPS in lines 3 and 14 depends on the
smoother used. Since we will be using DMRG as smoother, the bond dimension is auto-
matically adapted to achieve a certain accuracy, so no compression should be required.!
The compression in line 12 is not marked as optional since the addition necessarily in-
creases the bond dimension, and for now it also solves the issue of the increased bond
dimension caused by the interpolation operator acting on V).

The elevated cost of the algorithm using DMRG as smoother should be justified by an
improved convergence compared to using DMRG directly on the large system. This is
important to keep in mind, since one V-cycle with, for instance, ten different grid levels
(say, from N = 11 to N = 2) performs in total 10v; + 10v, DMRG iterations (with different
problem sizes), so the original problem should exhibit a structure that necessarily requires
the coarsening approach in order to be solved adequately. Such a scenario is presented
in [5].

Coarsening and interpolating an MPS or MPO is very cheap (at most, products of MPO
times MPS), and compression is also cheaper than DMRG smoothing. Furthermore, recall

Nevertheless, it might happen that DMRG overestimates the bond dimension of the solution, in which case
compression would be beneficial.
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7.4 Discussion

Algorithm 6: vcycle_mps - MPS/MPO V-cycle Scheme (Recursive Definition)

input : AN € MPOp, bY) € MPSg, V) € MPS;,..
output: V) € MPS;.

[

while not converged do

2 relax v; times on AV )méN) = b™) with initial guess x@™);
3 | ™)« P.(xM); [optional] /| Conpression with accuracy ¢
4 | if QW) = coarsest grid then

5 ‘ go to line 13;

6 else

, D ROV (pN) _ 4NNy,

8 N1 « 0 (right-normalized);

9 x(N=1 « veycle mps(AN Y V=1 g(N-1);

10 end

1 correct tV) « (V) 4 p(V) g (N=1).

2 | W« P (x));

13 relax v times on AW h:éN) = bW) with initial guess A
11 | ™)« P (™)) [optional] ;

15 end

that the complexity of DMRG is dominated by the size of the bond dimensions of x and
A, and is only linear in the problem size N. However, the coarser the grid, the smaller
the upper bound for the solution bond dimension is (for N = 2 the bond dimension of
x is L < 2, see Theorem 2.1), which motivates an implementation of a FMG scheme in
this format, which starts at the coarsest level, and moves up recursively. This can also
potentially provide a good initial guess for the MPS solution at the finest level. The FMG
algorithm in MPS format is presented as Algorithm 7.

The FMG algorithm tells us to restrict b until the coarsest level and from there call the
V-cycle v times, interpolate the solution to the next finer level and repeat the procedure re-
cursively. Compressing b (line 6) is not needed if injection is used as method of restriction.

7.4 Discussion

Our tensor toolbox was extended to include the different multigrid operators described
in Section 7.2.1, and both Algorithms 6 and 7 were implemented on MATLAB. In what
follows, we choose DMRG as smoother with only one smoothing iteration at each level
(r1 = 1» = 1), and we perform only one V-cycle MPS iteration in the FMG algorithm
(v = 1). The correctness of the algorithm was verified by comparing our implementa-
tion with a full matrix-vector V-cycle implementation using standard iterative schemes as
smoothers in both cases (Jacobi or Gauss-Seidel, then switching back to DMRG in the MPS
implementation). With appropriate compression, the results were equal up to machine
precision (for moderate problem size N).

The solution of Poisson’s equation (6.16) illustrates well the different elements that make
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7 A Multigrid implementation in MPS format

Algorithm 7: fmg mps - MPS/MPO Full Multigrid Scheme (Recursive Defini-
tion)

input : A®) € MPOp, b™Y) € MPS,,.

output: V) € MPS;.

1 while not converged do

2 | if QW) = coarsest grid then
3 ‘ W) « 0and go to line 10;
4 else

5 bV . RNp(N),
6 bV  P_(bN=Y); [optional] N~V « fmg mps(AN—D p(N-1);
7 end

8 correct (V) « PNyl
9 N« P (zM));

10 | 2™ « veycle mps(A™), b™N), (V) 1 times;
11 end

N-1).
4

up the FMG-MPS algorithm. We take a 2D-Laplacian (which can be rediscretized at each
level following its 1D-representation Eq. (2.13)), with a fine mesh of 2° (N = 6) points per
dimension. As a restriction operation for b and « we use simple injection, and we use the
interpolation operator (7.6) in 2 dimensions to go to finer grids.

The first problem encountered with the algorithm has to do with the bond dimension of
the solution MPS x at coarse levels. We argued that the smaller N is, the smaller the upper
bound for the bond dimension of x. But we performed the following experiment: we
construct a system Ax = b with x chosen as an MPS with random entries and fixed bond
dimension L = 3, and set b <+~ Ax. Fig. 7.4 illustrates the behavior of the bond dimension
after each of the V-cycle is carried out at the different levels of coarseness. The solution
z™ at a certain coarse level does not have a bond dimension equal to 3. Only when we
go back to the finest level, the DMRG smoother is able to detect that the solution indeed
has bond dimension 3, but in the meanwhile we have performed expensive operations
on the coarser grids. The FMG algorithm took 13.7 s to converge with a relative residual
norm of 3.83 x 1078, while only two iterations of DMRG on the large system resulted in an
equivalent residual taking only 0.167 s.

We also mentioned that starting from coarser grids and then moving to finer grids can
provide good initial guesses for the problem on the finest grid. Nevertheless, after carrying
out several experiments we observed that the convergence properties of DMRG seem to
be independent of the shape of the initial guess. Furthermore, since DMRG adaptively
chooses the bond dimension of the solution, it is always preferable to start with an initial
guess of bond dimension L = 1, which would not be the case in our FMG example (the
bond dimension at the second finest level N = 5, which could be used as a good initial
guess, is equal to 26).

For standard problems (such as Poisson’s equation (6.16)), DMRG acts as a solver at
each level, rather than as a smoother. Fig. 7.2 illustrates this point, where we have taken
a 1D-Laplacian with right hand side b = 1 and 2!° discretization points at the finest level,
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N |-
o =

Figure 7.1: Evolution of the bond dimension L of x after each V-cycle is performed inside
the FMG.

and we perform one FMG iteration. As compression tolerance we take ¢ = 1075, We see
from the small residuals that DMRG practically solves the problem at each level, and this
requires a large computational effort. One FMG iteration took 8.42 s, while using DMRG
directly on the finest grid gives a similar residual norm in 4 iterations requiring only 0.469
s.

[N —AN2N |, e
v, 10

|
2 3 4 5 6 7 8 9 10
Coarse level N

Figure 7.2: Used as a smoother, DMRG is actually solving the problem at each level, which
involves too much computational effort.

This problem can be overcome by using a DMRG iteration with lower truncation preci-
sion at coarser levels (or, similarly, simple ALS iterations with small bond dimension for
the solution subspace), but we are yet to find a scenario where this proves advantageous
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7 A Multigrid implementation in MPS format

over pure DMRG.

7.5 Conclusions

We presented the different multigrid elements required to implement a V-cycle and a FMG
algorithm in D dimensions using the MPS formalism, and we proposed and implemented
these two algorithms. The convergence properties of the resulting FMG implementation
are completely dominated by the effect of the DMRG smoother for our various tests, and
we were unable to reproduce a scenario where the use of coarser grids provides advan-
tages over using DMRG directly on the finest grid. We expect, however, that the discus-
sions presented in this chapter offer an insight into the use of multigrid techniques in MPS
format.
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8 Conclusions

Various algorithms for the solution of linear systems of equations and the calculation of
approximate inverses in MPS/MPO format were presented. ALS and DMRG are now well
established methods to solve problems in high dimensions with relative ease, and we stud-
ied how to apply them to different examples arising from the discretization of PDEs. The
scope of these algorithms is, however, much wider. The large scope of problems that can
potentially be translated and solved in this formalism requires new mathematical tools and
algorithms to handle them properly. This motivated our implementation of the Lanczos
and FMG algorithms, as well as our study of preconditioners and iterative schemes.

For the examples treated, DMRG shows the best overall performance, and we presented
several scenarios where it can be effectively used for high-dimensional problems, both
for solving linear systems and findin approximate inverses. We discussed some possible
improvements and illustrated some of its drawbacks. Several other algorithms available
in the low-rank tensor community perform better than our implementation, but they were
useful to us for the subsequent chapters. Both Lanczos and FMG algorithms as presented
have several drawbacks, but our ideas might shed new light on the translation of Krylov
subspace and multigrid algorithms to low-rank tensor formats. Likewise, we hope that our
discussions of preconditioners and iterative schemes will be useful for future algorithms.
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